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Abstract
The discovery o f tunne ling  magneto-resistancc has led to  a great deal o f interest 
in the s tudy o f ferro inagnet-insu la tor-ferrornagnet (F IF ) systems due to  po tentia l 
sensor and m agnetic storage applications. A n  analysis o f the  band s truc tu re  o f the 
3d ferromagnets shows th a t the conduction electrons become spin polarized by the 
m olecular field. The transm ission coefficient o f these electrons across a tunne ling  gap 
therefore depends upon the re la tive  a lignm ent o f the m olecular field between the two 
ferromagnets.
In th is  w ork the m anufacture o f such tunne ling  gaps th rough compression 
m old ing  o f powdered ferrom agnetic iron w ith  a high perform ance po ly im ide  has been 
studied for the firs t tim e. The percent change in the resistance w ith  applied magnetic 
fie ld depends c r it ic a lly  on the volume percentage o f ferrom agnetic m a teria l in the 
composite. A  peak in  the tunne ling  magnetoresistance (T M R ) occurs at a volume 
concentration ju s t beneath the  percola tion threshold o f the ferrom agnetic m ateria l. 
The change in  resistance re la tive  to  the resistance at zero fie ld. A R / R q, obta ins a 
room  tem pera ture  peak value o f -4.5% at 20% iron  volum e concentration.
G ranu la r conducting  systems near the percola tion threshold  are also subject 
to  variable range hopping (V R H ) conduction. The charging energy o f sm all met a llic  
grains results in  an energy ba rrie r for the acceptance o f an a dd itiona l e lectron. Elec­
tro n ic  conduction requires the rm a l activa tion  over th is  barrie r along w ith  tunne ling  
th rough  the insu la ting  regime. The result o f these two com bined processes is a tem ­
perature  dependent tunne ling  distance and a co n d u c tiv ity  o f the form  Iner oc T ~x . 
w ith  1 /4  <  x  <  1/2.
The theore tica l developm ent and experim enta l measurements o f T M R  and 
V R H  in  iron  po ly im ide  nanocom posites are tho rough ly  developed and analyzed in  
th is  work. Ferromagnet pa rtic le  size and band s truc tu re  effects on T M R  are also 
explored in  an e ffo rt to  op tim ize  the m ateria l for sensor applications.
Lx
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Chapter 1
Introduction
111 the classical lim it  conduction  across a system conta in ing  random ly s ituated 
conducting partic les in an insu la tin g  m a tr ix  w ill occur on ly when a continuous cluster 
o f the conducting  partic les spans the system. Percolation theory provides a tool for 
the s tudy o f such systems [1]. The volume concentration at which a spanning cluster 
is formed across an in fin ite  system is called the percola tion threshold. pr . Below th is  
c r itica l concentration  there w il l be no conducting  paths across the system so tha t 
the m ateria l w il l be an insu la to r. E xperim enta l measurements on iron  po ly im ide  
composites confirm  th is  general behavior. Increasing the volum e concentration  o f 
the fine iron  partic les across the perco la tion  threshold causes the co n d u c tiv ity  o f the 
composite to  change by several orders o f m agnitude. The system, however, continues 
to  conduct beneath pc. Q uan tum  mechanical tunne ling  across sm all insu la ting  gaps 
allows electrons to  continue to  flow  across the system. O f p a rticu la r in terest is the 
case when the conducting  partic les are also ferrom agnetic. These systems have been 
stud ied since 1975, when Ju llie re  firs t showed th a t the transm ission coefficient for 
th is  tunne ling  process varies w ith  the angle between the m agnetic moments o f the 
ferromagnets on e ithe r side o f the  ba rrie r [2]. The conduction across the gap decreases
2
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3w ith  increasing angle between the  moments. In  o the r words, the conduction  is a 
m axim um  when the spins o f the m a jo r ity  electrons are aligned and is a m in im um  
when the moments o f the tw o  ferrom agnets are an tipa ra lle l. T h is  general resu lt 
has been verified repeated ly and the theory o f the conduction  mechanism more fu lly  
developed as interest in  the phenomenon has grown [3-12]. The search for a tunne ling  
magnetoresistance sensor, in  w hich a na tu ra l an tife rrom agnetic  a lignm ent can be 
overcome by a small exte rna l fie ld, is now well under way. In  such devices an externa l 
field is detected by a sharp decrease in  the resistance o f the sensor.
P roduction  and o p tim iza tio n  o f tunne ling  magnetoresistance (T M R ) devices 
have been focused on th in  f ilm  m ateria ls  [7-10]. where carefu l fab rica tion  techniques 
have led to  room  tem pera ture  TM R . values ( A R / f t o )  o f greater than  20% [10]. G ran­
u lar T M R  devices have also been explored through cospu tte ring  a ferrom agnetic ma­
te ria l w ith  an insu la to r [11. 12]. T h is  technique has produced much more modest 
room tem perature  T M R  values o f approx im ate ly  0.0% for X i based systems and 4.5%, 
for Co based systems [12]. A n  a lte rna te  m ethod o f p roduc tion  ol T M R  ju n c tio n s  firs t 
explored here is compression m o ld ing  o f fine ferromagnetic- powders in a nonconduct­
ing po ly im ide  m a trix . A t a vo lum e concentra tion  o f the ferrom agnetic m a te ria l ju s t 
beneath the percola tion  thresho ld  tunne ling  gaps exist th roughou t the bu lk  m ateria l. 
In  the com plete ly dem agnetized state  the electron spins w ill be random ly  oriented. 
The presence o f an exte rna l fie ld , however, w il l create a favored m agnetiza tion  d irec­
tion . As the m agnetic m om ents ro ta te  to  th is  lower energy state  the resistance o f the 
m a teria l decreases. Advantages o f compression m olded T M R  devices over sputtered 
systems include lowered p ro du c tio n  cost and the p oss ib ility  o f b e tte r con tro l o f some 
fab rica tion  variables, in c lu d ing  g ra in  size and m olecular concentra tion  o f constituen t 
m ateria ls.
In  order to  investigate the  possible app lica tions o f T M R  devices m anufactured 
th rough  compression m o ld ing  a deta iled  s tudy o f the physical p roperties  o f compres­
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4sion molded iron  po ly im ide  composites has been perform ed. Samples were fabricated 
by compression m old ing  m icron  sized iron  partic les w ith  a h igh perform ance po ly ­
im ide [13] in powdered form . The  d is tr ib u tio n  o f the iron  partic les th roughou t the 
composite was then studied w ith  various m icroscopy techniques, inc lud ing  optica l, 
scanning electron, a tom ic force, and m agnetic force. These m icroscopy studies veri­
fied the required in te rpa rtic le  distances o f tens o f nanometers fo r samples w ith  iron 
volume concentrations near the  perco la tion  threshold.
The e lectronic tra nsp o rt properties o f the samples, as a function  o f iron volume 
fraction , was determ ined th rough  4 lead re s is tiv ity  measurements. Measurements as a 
function  o f applied magnetic fie ld confirm ed T M R  for samples w ith  iron  volume con­
centra tions near the percola tion  threshold. A  peak room  tem pera ture  T M R  o f 4.5% 
was recorded for a sample con ta in ing  20% iron  volum e concentra tion , ju s t beneath 
the predicted percola tion  thresho ld  o f 20.1%.. Low ering the iron  volum e concentration 
leads to a decrease in the T M R  to  approx im ate ly  3% for 15% iron volum e concentra­
tion  as the thickness o f the average tunne ling  gap increases. Increasing the volume 
concentration o f iron  above the perco la tion  thresho ld  again lowers the  T M R . T h is  is 
due to  the fo rm ation  o f perco la ting  paths across the system acting  in  para lle l w ith  
the paths conta in ing  tunne ling  gaps. For iron  volum e concentrations above 00% the 
magnetoresistance o f the system changes sign as bu lk  anisotrop ic magnetoresistance 
begins to  dom inate.
Measurements o f the co n d u c tiv ity  o f the  composites as a fun c tio n  o f tem ­
perature verified the existence o f variable  range hopping conduction. The  charging 
energy o f in d iv id u a l iron  grains in  the com posite produces a ba rrie r for the accep­
tance o f add itiona l electrons. T herm a l a c tiva tio n  over th is  b a rrie r is required in 
add ition  to  tunne ling  th rough  the  insu la ting  gap. The resu lt o f these tw o combined 
processes is a tem pera ture  dependence o f the  c o n d u c tiv ity  o f the fo rm , lncr oc T -1 , 
w ith  1 /4  <  x  <  1 /2 , w hich has been observed fo r samples near the  perco la tion
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5threshold [14.15].
As the iron  volum e concentra tion  increases, percola ting  paths across the  system 
are formed and begin to  dom inate  the conduction  mechanism. T h is  is observed in  the 
tem perature dependence o f the re s is tiv ity  as a function  o f iron  volum e concentration. 
The tem pera ture  dependence makes a tra n s itio n  from  the variable range hopping 
form  given above to  th a t expected fo r a b u lk  m etal, w ith  the co n d u c tiv ity  increasing 
w ith  decreasing tem pera ture  as sca tte ring  due to  phonon v ib ra tions  are inh ib ited .
In  th is d isserta tion  the theory  o f bo th  tunne ling  magnetoresistance and variable 
range hopping in  iro n -insu la to r composites are tho rough ly  developed. Percolation 
theory is used to  define the c r it ic a l concentration  around which these effects are 
expected in the random ly  m ixed samples o f the present study. These theories are then 
tied together in  a com puter s im u la tion  in  order to  predict the physical properties o f 
iron po ly im ide  nanocomposites.
In the fo llow ing  chapters the theory o f the e lectronic conduction  mechanisms 
introduced above are fu lly  developed. A  com puter model based upon the developed 
theory is then presented and used to  pred ic t some o f the transpo rt properties o f iron- 
insu la to r composite systems. O f p a rticu la r interest in these ca lcu lations w il l be the 
e lectrical resistance o f the m a teria l at the perco la tion  threshold  and the change in 
th is  resistance caused by an exte rna l m agnetic field.
The theore tica l and m odeling results are followed by experim enta l data, begin­
n ing w ith  the deta iled sample p repa ra tion  and fab rica tion  procedure. E xperim enta l 
measurements o f the density, pa rtic le  size and d is tr ib u tio n , in te rpa rtic le  separation 
distances, m agnetization, res is tiv ity , and magnetoresistance are then presented for 
samples w ith  Fe volum e concentrations o f 15, 20, 23. 34, 44, 54. and 64%. In  add ition , 
the tem perature dependencies o f the  m agnetiza tion , re s is tiv ity  and magnetoresistance 
are experim enta lly  determ ined. A  discussion o f the experim enta l results based upon 
the previously developed theore tica l background is presented.
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6A sum m ary o f th is  d isserta tion  is presented in  the fina l chapter. Conclusions 
are also draw n as to  the po ten tia l o f iron  po ly im ide  nanocomposites for m agnetic fie ld 
sensing and d ig ita l storage applications. Areas o f fu tu re  s tudy th a t could improve 
the sensing capab ilities  o f compression molded T M R  devices beyond th a t which is 
presented here arc also suggested.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 2 
Tunneling M agnetoresistance
The  basis for the theory o f T M R  begins w ith  the work o f Ju llic re  [2] in the 
1970's and is followed sh o rtly  the rea fte r by M .B . Stearns [3]. J.C. Slonezewski [4], and 
most recently by .I.M . M acLaren [5]. Each o f these authors considers, to  a heightening 
degree o f com plexity, the transm ission coefficient o f a spin polarized electron across 
a po te n tia l barrier. In  th is  chapter the theory o f tunne ling  magnetoresistance w ill be 
developed based upon the w ork o f these authors and specialized to  the iron po ly im ide  
nanocomposites o f the present study.
2.1 O riginal M odel
T he  theory o f tunne ling  m agnetoresistance was proposed by Ju llie re  [2] based 
upon the superconductor-insu la tor-fe rrom agnet tunne ling  w ork o f Tedrow and Meser- 
vey [16,17]. The hypothesis o f spin conservation across a tunne ling  gap was invoked 
to  y ie ld  a re la tionsh ip  w ith  the  conductance p ro po rtio n a l to  the product o f some 
effective tunne ling  density o f states in  each spin channel. Ju llie re  used the frac tion  
o f conduction  electrons whose m agnetic moments are aligned in  the d irec tion  o f the
7
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8externa l fie ld  as th is  effective tunne ling  density o f states. The variables a and a' are 
used to  represent th is  density  o f states in  the firs t and second ferromagnets respec­
tive ly. The conductance for para lle l m agnetiza tion  o f the two ferromagnets is then 
given by sum m ing the m a jo r ity  to  m a jo r ity  and m in o r ity  to m in o rity  con tribu tions 
and can be w ritte n  as:
Gjl oc aa' +  (1 — a ) ( l  — a )  (2.1)
S im ila rly , the conductance for an tipa ra lle l m agnetiza tion  is given by sum m ing the 
m a jo r ity  to  m in o r ity  and m in o r ity  to  m a jo r ity  con tribu tions:
G r x n ( l - n ' ) + a ' ( l - a )  (2.2 )
The change in  conductance between para lle l and an tipa ra lle l spin alignm ents
re la tive  to  the conductance o f the para lle l a lignm ent is then:
A G  _  Gj; — G# _  [an' +  (1 — a ) ( l  — a')\ — [a ( l — a') +  <■//(1 -  a)]
G  Gy aa' +  (1 — n)( 1 — a')
(2 aa' — a — a' +  1) — (a +  a' — 2 aa')
2an' -  a -  a' +  1 
Ana' — 2a — 2a' +  1 
2aa' — a — a' +  1 ^  ^
_  2(4aa' - 2 a -  2a! +  1)
2(2 aa' — a — a' +  1)
2 (2a — l ) ( 2a/ -  1)
~  1 +  (2a -  l ) ( 2a; -  1)
2 P P '
~  1 +  P P '
Here P  =  (2 a — 1) and P '  =  (2a' — 1) are the conduction  electrons spin po larizations o f 
the tw o ferrom agnetic m ateria ls. Tedrow and Meservey [17] have calculated th is  spin 
po la riza tion  fo r m any ferrom agnetic m ateria ls based upon superconductor-insu la tor- 
ferrom agnet tunne ling  experim ents. The value they  quote for iron  is P  =  44%. Based 
upon equation (2.3), th is  corresponds to  a conductance va ria tion  AG/G =  32%.
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92.2 C onnection  to  E lectronic B and  Structure
M .B . Stearns [3] expanded upon the Ju llie re  theory by m aking a connection 
between the sp in  po la riza tion  o f the 3d ferromagnets and the band s truc tu re  o f the 
itine ran t d-like , dt , electrons. The calculated band s tru c tu re  o f the m a jo rity  and m i­
n o r ity  spin electrons is shown in F igure 2.1 [18], Note the parabolic, free e lectron like 
s truct ure o f the bands w hich cross the Ferm i energy level. These bands correspond 
to  the d, electrons w ith  effective mass o f about th a t o f a free electron. T h is  leads to  
the s im p lify ing  app rox im a tion  o f tre a tin g  the d, Ferm i surfaces as spheres o f radius 
k j .  The  energy level d iagram  for tunne ling  between tw o ferromagnets in th is  approx­
im a tion  is given in  F igure 2.2. A  physical in te rp re ta tio n  o f the q u a n tity  a o f Ju llie re
and Tedrow et al. [2 .1G, 17] is thus given bv:
u =  A:}/(A:} +  A'}) (2.4)
and the spin po la riza tion  P  =  (2a — 1) is:
P  =  ( k \ - k i{ ) / ( k \  +  k ) )  (2.5)
The trea tm en t given by Stearns has reduced the prob lem  o f find ing  the change 
in  conductance for tunne ling  between para lle l and an tip a ra lle l m agnetizations to  th a t 
o f find ing  the Ferm i surface wave vectors o f the m a jo r ity  and m in o r ity  electrons. 
Table 2.1 shows the calculated results fo r Fe, N i (in  u n its  o f — ) and Co (in  u n its  o f 
^ 75), where a is the la ttice  constant o f the m etal. [3,18]. The results for the spin 
po larizations are in  close agreement w ith  the experim enta l results o f Tedrow and 
Meservey who found P f c =  44% and Pc0 =  34% [17].
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Barrier height
Fermi Energy Level = 0
Figure 2.2: S im p lified  energy level d iagram  for 2 hand ferromagnet w ith  parabolic 
energy bands.
Table 2.1: Estim ates o f the Ferm i wave vectors for the d* like electrons and the 
calculated spin po la riza tion  from  equation (2.5).___________________________
k f ] k f l C alculated P
Fe 0.5 0.19 0.45
Ni 0.65 0.53 0.10
Co 0.9 0.45 0.33
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2.3 Barrier H eight Effects
The theory o f tunne ling  magneto-resistance set fo rth  above s t i l l  appears inad­
equate. A  m a jo r inconsistency is the invariance o f the b a rrie r effects on the change in  
conductance due to  the re la tive  spin alignm ents across the barrier. The  work o f Slon- 
czewski [4] helps to  remedy th is  problem . Slonczewski considers tw o ferrom agnetic 
conductors separated by a plane nonm agnetic barrie r, and solves for the quantum  
mechanical tunne ling  coefficient. The geom etry o f the problem  is shown in F igure 
2.3.
Based upon the results o f Stearns, the free electron approx im ation  is again used 
for the spin polarized conduction  electrons inside each ferrom agnet. The effective one- 
e lectron H am ilton ian  can then be w ritte n :
1 / **
= -  TT(^) - -or (2.G)
Here the system o f un its  incorporates un it electron mass and unit P lanck con­
stant. U  is the po ten tia l energy, h is the m olecular fie ld, and 7T  the Pauli spin 
operator. Considering a spin up inc ident plane wave having u n it partic le  flux  in  fer­
romagnet 1. the so lu tion  to  the H am ilton ian  in each layer is given by the fo llow ing 
wave functions:
i/’j i  =
f/'Ti =  k ^ l/2elk^  +  r je -1<rr5
(2.7)
f!>ob =  A ae ~ ^  +  B aeK(-
V„2 =  t aeik^ - d)
Here a  = f ,  j ,  and r j ,  r ^ A a, B a, and t a are coefficients to  be determ ined by m atching  
the wave functions and derivatives a t the  boundaries. The change in  spin quan tiza tion
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h=h
Figure 2.3: Schematic po ten tia l d iagram  for tunne ling  between two m e ta llic  ferro­
magnets separated by an insu la ting  barrie r. The angle between the m olecular fields 
in the tw o ferromagnets is given by 0.
d irec tion  at £ =  d  requires that  the wave functions sa tis fy  the spinor transfo rm ations
L"j// — t ’p>c os(0/ 2 ) +  (.■’*•> s in ($ /2 )
(2 .8 )
I/'U> =  — V12 s in (0 /2 ) +  (gl2 cos(0/2)
w ith  s im ila r re lationships for the derivatives.
The set o f equations to  be solved for the unknow n coefficients, in  m a tr ix  no-
ta tion . is
0 1 0 1
ifcT 0 — K 0 K
0 0 c~*d 0
0 0 — ne~Kd 0
0 - 1 0 I 0
0 *•'1 0 — K 0
0 0 0 e~*d 0
\ ° 0 0 - K e ~ * d 0
\
— tfcjcos® — ifci sill |
0 0
0 0
n e Kd i k j sin |  — tfcj cos |  y
(  \
r I ( kt
r I
■b 0
'b 0
»t 0
Bi 0
h 0
v J V 0
(2.9)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
Slonczewski solves th is  set o f equations in  the lim it  o f large ba rrie r thickness d. 
He is then able to  get an approx im ate  so lu tion  for the  coefficients, accurate to  leading 
order in  e~K(i. The so lu tions for the coefficients are available in  the lite ra tu re  [4]. 
T hey are not reproduced here as l i t t le  insight is gained due to  the com plica ted form  
o f the solutions. The  existence o f the approxim ate  so lu tion , however, allows for the 
ca lcu la tion  o f the p ro b a b ility  flu x  across the ba rrie r [19].
G eneralizing th is  result to  the spin tra nsm iss iv ity  in  one dim ension, in  the system o f 
un its  defined earlier, yields
Slonczewski shows tha t the ra tio  o f the m agnitudes o f the spin up to  spin down wave 
functions in the ba rrie r region, fo r a spin up wave incident from  ferrom agnet 1. is 
approx im ate ly  equal to  In  the  lim it o f large d. the a  =  — 1 co n trib u tio n  can
therefore be neglected g iv ing
for the partic le  transm iss iv ity  across the barrie r. The tunne ling  conductance for a 
tw o-band ferrom agnet as p ic tu red  in  F igure 2.2 is ca lcu la ted  using [4]
where TPf , Tpi are the transm iss iv ities  fo r the m a jo r ity  and m in o r ity  e lectrons inc iden t 
from  ferrom agnet 1 respectively.
The so lu tion  to  th is  equation  is o f the  form
rn (2.10)
(2.11)
(2 .12)
(2.13)
G — Gfbf( 1 + P/b~ cos 6) (2.14)
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Pf>>= ~  ^  (2-15)
G m = i h  ( i (2. i 6)
w ith  the fe rrom agnet-barrier effective sp in po la riza tion  given by
(A.-! — A,'j) ( k _ — fcj A:j)
(k f +  k [ ) ( n 2 +  A r j )
and the mean ferrom agnet-barrier-ferrom agnet tunne ling  conductance given by
k  f  c k ( k ~  4- )(A,-j +  A q ) ^  ” _ 2 t c t i
h d \  7t(k2 +  A:t 2) ( k 2 +  ^ 2)
The trea tm en t given here w hich follows th a t o f Slonczewski has added a second 
term  to  the spin po la riza tion  defined by M .B . Stearns in  equation (2.5). T h is  new 
second term  gives the barrie r height effect. For any value 0 <  k <  oc, equation 
(2.15) p redicts a d im in ished spin po la riza tion  and therefore, from  equation (2.3), a 
d im in ished T M R  due to  the barrie r o r in tc rfac ia l factor.
In an Fe-Insulator-Fe ju n c tio n , the values o f A: / 1 and A ;/ are given in Table 2.1 
as 0.5 and 0.19, in un its  o f The energy required to  remove an electron from  iron, 
the work function  o f iron, can be used as a rough estim ate for the ba rrie r height. 
The work function  o f iron  is 4.31 cV  [20], g iv ing  k  =  0 .4 8 0 ^ . The effective spin 
po lariza tion  for an Fe-Insulator-Fe barrie r in the Slonczewski approx im ation  is then:
p f » = 7 t t t 4  x = ° -45 x ° -4 3 = ° - 19- (2-17)(A’f +  A,'|) ( k ■* +  k fk [ )
T h is  result, by equation (2.3), predicts a conductance va ria tion  A G /G  o f 7.0%. T h is  
is much lower than  the resu lt o f 32% found when b a rrie r effects were ignored.
2.4 Barrier Thickness Effects
Slonczewski’s resu lt has come under question as experim enta l results have ob­
ta ined T M R  values much greater than  th a t given by the theory described above. A n  
obvious p o in t o f contention  is the large d  app rox im ation  used in  so lv ing the  m a tr ix  
equation (2.9). T h is  issue has been addressed recently  in  the w ork o f J. M . M a- 
cLaren [5]. M acLaren looks at the same tunne ling  geom etry as Slonczewski, shown in
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Figure (2.3), bu t makes an in it ia l s im p lifica tion  by look ing  fo r solutions on ly  a t 6 =  0 
and 180°. His approach also d iffe rs from  Slonezewski's in  th a t a closed form  so lu tion  
is no t sought. The set o f equations generated by m atch ing  wave functions and deriva­
tives at the boundaries is instead solved num erica lly  fo r given values o f k / \  A,*/1, k. and 
ba rrie r thickness. T h is  w ork, described below, remedies m any o f the inconsistencies 
o f the earlier results and matches well w ith  experim enta l measurement s.
M acLaren ’s approach o f ca lcu la ting  the c o n d u c tiv ity  on ly for para lle l and an­
tip a ra lle l spin alignm ents reduces the wave functions given in  equation (2.7) to
=  k ~ l/2elk'Z +  re~ lk*  
ij>b =  A c r *  +  B e *  (2.18)
The transm ission coefficients for m a jo r ity  to  m a jo rity , m in o rity  to  m ino rity , and 
m a jo r ity  to  m in o rity  conductance are then ca lcu lated by le ttin g  k\ =  k> =  A'f. Aq =  
k2 =  A’j . and k i =  k^;k-> =  A:,. respectively.
The m a trix  equation to  be solved for the unknow n coefficients is now
/ 1
— ft
—kc
1 —1 0 ^ t k - u A
ft i k i  0 B
eKd 0 - 1 r 0
neKd 0 —iko j I 0 J
(2.19)
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c
— KC
Inve rting  the m a tr ix  to  solve for the transm ission coefficient yields
, . ,
— K
,—nd
1 - 1 0
K iky 0
eKd 0 - 1
xC>tid 0 —i k
a
w ith  o  =
V
cdKk[ (  — k -2 - in )  c'1k( — k +  i k 2) kyk2 +  i n k 2
a dKk j ( k'2 — /k ) e dK ( —k — i k _i) —k i k2 — i n k 2
—<,k2 +  i~f n k2 — 7 K, +  i.<;k-> 2iK.k2
2inki  2 k  —<>K‘“ -F r,h-ki
1 <; =  cK,i — e~Ktl. and 7 =  eK,i
k  -F i Ar j 
k  — /A’l 
2k 
7 K  -  / S A: 1
+  c K i t
( K - - k i k 2 ' ) - n ( K ( k l + k 2 ) ) '
M u lt ip ly in g  the inverse m a trix  th rough equation (2.19) gives
D
r
\ f /  
(
Q
<?dK k 1 ( —k‘2 — £K.) edK( —K +  i k ‘2 ) kyk2 +  i K k'2
e dKk i ( k -2 — is,) e dK( —n — i k 2) —kyk2 — i.h'k2, — ds.
\
—7 K +  i<;k2 
2k
2 ink.2
K -F i k  i 
K — /A'] 
2k—<^ K“ +  i /' fnk2
2inky  — <;k2 +  i.'ynky 7 K — is"A.'iy
The coefficient o f the wave function  in  ferrom agnet 2 is then
4 i n k 1/ 2
/ k - u A
i k \ 12
0
\ 0
t  =
(2 .20 )
(2.21)
(2.22)
(eK</ _  _  fcl k2) — i (eKd +  e~Kd)(K(k i  +  k2)) '
The norm a liza tion  cond ition  on ipy gives u n it p ro b a b ility  flu x  in p u t from  fer­
romagnet 1. The  transm ission coefficient is therefore given by the p ro b a b ility  f lu x  in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
ferrom agnet 2.
T  =  3 (0 .» W -,)
= t f k 2
16 kXK2k2 (2.23)
~  { ( c*«/ -  e -«d)(K2 -  AqAq) } 2 +  { ( c * d +  e - " rf)(/i(Aq +  A:, ) ) } '2
1G A; j n?k2e2dK
=  {(1  -  e^ ) ( « 2  -  AqA2) } 2 +  {(1  +  e ^ )(K (A :, +  A:,))}2 ' 
where the wave vectors are assumed to  po in t perpendicu lar to  the barrie r.
E quation  (2.23) can be s im p lified  by ta k in g  the lim it  r - dK 1. T h is  l im it  w ill 
be accurate for most tunne ling  s itua tions, where the reflection coefficient is close to 
un ity . A p p ly in g  th is  l im it  y ie lds
T  =     L6Ai k h c.--------------------------------------------------- (2.24)
(k ~ — A'i kj)~  +  [ '^(A.'i +  A'2) ]2
Equation (2.24) is the transm ission coefficient used by M acLaren [5] to  num erica lly
solve for the conductance ra tio  between ferrom agnetica lly  and an tife rrom agne tica lly
aligned systems.
The tunne ling  conductance is ca lcu lated using the L a n d au e r-B iittig e r form ula
[21, 22]
$ r h I  (2.25)
(27t) ‘
where A;|| is the com ponent o f the wave vector para lle l to  the boundary and is con­
sidered conserved d u rin g  the tunne ling . The wave vectors, Aq, Aq, and k . can be 
w ritte n  as a func tion  o f k\\ as Aq =  (2 m / h 2) \ \  — A;2, Aq =  [2rn/ t i2)V2 — A:|, and
k =  y J (2 m /h 2)Vi, +  Acy. Here, the  zero p o in t energy is defined to  be the  Ferm i energy 
level, consistent w ith  F igure 2.2.
The ca lcu la tion  fo r the conductance va ria tion  across an Fe-insulator-Fe barrie r 
w ith  para lle l and an tip a ra lle l sp in  a lignm ents can now be perform ed. The conduc­
tance for para lle l a lignm ent o f spins is g iven as the sum o f m a jo r ity  to  m a jo r ity  and
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m in o rity  to  m in o rity  conductance, w hile  th a t for an tipa ra lle l a lignm ent is the sum o f 
m a jo r ity  to  m in o rity  and m in o r ity  to  m a jo r ity  conductance. From  equation (2.24) 
we have
I 6 k 2n2e~2dri 1 Qk2n 2e~2dK
T U =  ~( K 2 — * 2 )2  +  (2«ArT)2 ( * 2  +  *2 )2
16A2K2e-2dK 16k2K2e~2dK
(k 2 -  A:2)2 +  (2/cAj)2 =  (k 2 +  k 2)'2
16Aj/c2A je -2d,< l 6 k )K 2k [e~2dK
i \ J A - |  r t  C . J. W r t  i f v  C  .
T i l  =  , ,  , L  . , v ,  =  ,  ( 2 - 2 0 )
(k 2 — A jA j)~ +  [k(A j A j) ]2 k ■* +  n 2(k2 +  A2) +  A2A'j"
w liere Aj =  \Jk j~  — Ajj, Aj =  y  A j” — A:jj, k  =  ^Jvb +  Ajj. and 14 is the  ba rrie r height, 
above the ferm i energy level.
S u b s titu tin g  these values in to  (2.25) yields
- " - W J ‘ 1  ^ ( k ' f  +  H) - (227)
u = W p h J v.-1'
16e
(Ay +  Vb)2
*1
,  , , ,  ,2 -  /  '  M * n ( * J 2 -  * h < H  +
2irh(kj- + V b)2 Jo
and
e*
G n  =  I  d2k/ '
i 6 ( H + * | )
-2rfv/v4+tf
(27r)2/1 J  (Vb +  Arjf)  ^+  (14 +  A2)(A }2 +  A }2 -  2A|) +  (A }2 -  A2)(A }2 -  A2)
fJo
-  1®?! r } ;• ,i- (H +  ~ ~
2 ir/i j  1 (v;f + V „(k ’t 2 +  k f )  +  k f k f )
(2.29)
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Table 2.2: Calculated conductance va ria tion  between ferrom agnetic and antife rro - 
m agnetic spin alignm ents in  iron  across a tunne ling  gap.___________________________
B arrie r Height 
(eV)
B arrie r Thickness (nm ) Slonczewski
M odel1 5 10 50 100 500
0.1 23.0% 26.9% 27.2%) 27.4% 27.4% 27.4% 27.6%
0.5 9.51% 10.6% 11.1% 11.4% 11.4% 11.5% 11.6%
1.0 6.41% 2.20% 2.48% 2.72% 2.74%, 2.77% 2.86%,
2.0 13.9% 0.60% 0.32% 0.18% 0.17% 0.16% 0.21%
3.0 23.1% 4.22%, 3.41% 2.93% 2.87% 2.83%, 2.85%
4.0 30.4% 8.28% 7.03% 6.27%, 6.18%, 6.12% 6.12%
4.31 32.4% 9.46% 8.09%, 7.25% 7.16%, 7.08%, 7.08%
5.0 36.2% 11.9% 10.3% 9.28%, 9.17%, 9.08% 9.07%
10.0 51.7% 23.3% 20.4% 18.6%, 18.4% 18.2% 18.2%
Equations (2.27) - (2.29) can be used to  solve for the conductance va ria tion  
between ferrom agnetic and antife rrom agne tic  spin alignm ents for any any tunne ling  
gap given the values o f A'j. A:j. barrie r height, and b a rrie r thickness.
Solving for the specific case o f iron  to  iron  tunne ling  we have, from  Table 
2.1, k j  - 0.5. and A:j =  0.19. As a firs t app rox im a tion  the barrie r height can be 
taken as the work function  o f iron, assum ing th a t the po ly im ide  is a perfect insu lator. 
T h is  approx im ation  gives V* — k 2 =  4.31eV' - 0.4SG2( ^ L) '.  F ina lly , as a reasonable 
tunne ling  gap thickness take d =  lOnm =  2 1 8 (^ ) .  S u b s titu tin g  these values in to  
equations (2.27) - (2.29) gives =  8.1%.
Table 2.2 displays the ca lcu lated conductance va ria tion  over a w ide range o f 
ba rrie r heights and thicknesses. The Slonczewski results, w hich are independent o f 
ba rrie r thickness, are displayed for com parison. The Ju llie re  M odel predicts a con­
ductance ra tio  33.6% independent o f the  ba rrie r thickness and height.
F igure 2.4 displays a three-d im ensional p lo t o f the  resu ltan t conductance ra tio  
fo r iron -ba rrie r-iron  tunne ling  as a fun c tio n  o f ba rrie r height and thickness, and F igure
2.5 shows a p lo t o f the ra tio  for a fixed b a rrie r height o f 4.31 eV.
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AG/G
Barrier Height (eV)
F igure 2.4: P lo t o f conductance ra tio  ^  fo r iro n -ba rrie r-iron  tun n e lin g  as a func tion  
o f barrie r height and thickness .
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MacLaren Barrier Height = 4.31 eV0.25
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Barrier Thickness (nm)
Figure 2.5: P lo t o f conductance ra tio  for iro n -insu la to r-iron  tunne ling  as a function  
o f ba rrie r thickness at a barrie r height o f 4.31 eV.
It is clear from  th is  trea tm ent o f spin dependent tunne ling  th rough  an insu la t­
ing barrie r th a t the properties o f the b a rrie r layer are c ritica l. The results in  Table 2.2 
for the specific case o f iron  to  iron  tunne ling  show a d ram a tic  va ria tion  in the conduc­
tance ra tio , from  less than  0.2% to  over 50%, depending upon the ba rrie r properties. 
The Slonczewski results, based upon the large ba rrie r thickness approx im ation , agree 
re la tive ly  well fo r barrie r thicknesses greater than  approx im ate ly  10 nm. As the bar­
rie r thicknesses decreases below 10 nm  the results o f the Slonczewski and M acLaren 
models qu ick ly  diverge. The  Ju llie re  results provide an adequate approx im ation  o f 
Fe-Barrier-Fe tunne ling  on ly  in  a narrow  regime o f ba rrie r heights near the w ork 
func tion  o f iron  and barrie r thicknesses near 1 nm.
I t  m ust be noted th a t th is  m odel o f spin dependent tunne ling  is also a vast 
s im p lifica tio n  o f the physical realities. The free e lectron model and a simple step 
b a rrie r have been assumed th roughou t th is  work. A  more accurate account o f spin 
dependent tun n e lin g  m ust account for the actua l band s truc tu re  o f the ferrom agnet.
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Research in  th is  area is ongoing [5], a lthough conductance ra tios calculated using th is  
approach agree ra the r poo rly  w ith  experim enta l data. Surface effects on bo th  the 
band s truc tu re  and the ba rrie r qua lities  must also be considered in a fu ll theory o f 
the phenomena. Research in  these areas is in  its  infancy.
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Chapter 3 
Variable Range Hopping
T h is  chapter deta ils  the theory o f variable range hopping (V R H ). T h is  theory 
was o rig in a lly  proposed bv M o tt [23] in 19G8 to  exp la in  conduction o f electrons in 
insu lators near the m e ta l-in su la to r trans ition , and has since been expanded upon by 
many authors. O f p a rticu la r interest to  the present s tudy is variable range hopping 
in granular systems, w hich has recently been sum m arized by T .G . Castner [24] and 
P. Sheng [25]. The conduction  mechanism is a resu lt o f the combined processes o f 
therm al ac tiva tion  and tunne ling , and plays a strong role in the transpo rt properties 
o f the iron po ly im ide  composites w ith  iron  volum e fractions near the percola tion 
threshold.
3.1 E lectronic C onduction  and L ocalization
The e lectron ic conduction  o f a m ateria l can be rough ly  characterized by a p lo t 
o f the  energy versus dens ity  o f states. In  an insu la to r, a ll the bands w il l be e ither 
com plete ly filled  or em pty, p ro h ib it in g  any e lectric curren t flow. A  conducto r w ill 
have p a rtia lly  filled  bands th rough  w hich  conduction  w il l take place [20]. F igure  3.1
24
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F igure 3.1: E lectron  density o f states for norm al m eta l (a) and insu la to r (b).
displays a density o f states d iagram  for a norm al m eta l and an insu la to r. In  th is  
figure E j  is the Ferm i energy level. E v is the top  o f the filled  band in  the insu la to r 
(valence band). E, is the b o tto m  o f the em pty band (conduction  band), and E a is 
the energy gap between the valence and conduction  bands in the insu la to r. In  order 
for cu rrent to  flow in  the insu la to r electrons must be activated  above the energy gap 
in to  the conduction  band. M a teria ls  w ith  sm all energy gaps th rough  w hich th is  type 
o f conduction is com m on are know n as semiconductors.
The s itu a tio n  becomes more com plicated when d isorder is in troduced  in to  the 
la ttice . Anderson [2G] showed th a t the in tro d u c tio n  o f a random  p o te n tia l at each 
well in  a c rys ta lline  la ttice  can d ra m a tica lly  a lte r the conduction  properties o f the 
m ateria l. The random  po ten tia l has the effect o f destroy ing  the phase coherence 
o f the wave func tion  as i t  passes from  one p o te n tia l w ell to  the  next and reducing 
the density  o f states a t m id  band. I f  the d isorder is greater than  the w id th  o f the 
band a wave fun c tio n  w hich w ou ld  otherw ise span the  la ttice  can become localized 
around a p o in t r 0 in  space. T h is  phenomena is know n as Anderson Loca liza tion , and 
is sum m arized by M o tt  [27,28] in  the development o f the theo ry  o f m e ta l-in su la to r 
transitions.
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Mobility Edge
g(e)
Figure 3.2: Anderson localized states inside conduction  band.
I f  the disorder is not large enough to  produce loca liza tion  th roughout the band. 
M o tt [29] showed th a t states in  the band ta ils  could s t il l become localized. These 
states would then be separated from  the extended, non localized, states by a sharp 
energy cutoff. Cohen [30] coined th is  energy value. E c. the m o b ility  edge. I f  the 
energy o f a band electron is less than  E c the electron w il l be localized. M o tt [28] 
summarizes th is  behavior as
cr(E)  =  0 { E  <  E c).
(3.1)
a ( E )  >  0 ( E  >  E c).
Figure 3.2 shows a m odified density  o f states d iagram  fo r an Anderson localized 
electron wavefunction. The system depicted w il l be nonconducting  even though the 
Ferm i surface electrons occupy an un filled  band.
In  a system w ith  localized states as dep icted  in  F igure  3.2, conduction can 
occur by exc ita tion  o f the charge carriers to  the  m o b ility  edge or by hopping from  
one localized state to  another. For the f irs t case, the rm a l e xc ita tion  o f the charge
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carriers, the c o n d u c tiv ity  w ill have the form
a  =  aQe - (Ec~Ef ),kBT. (3.2)
The second process, hopping conduction , is described in the fo llow ing  section.
3.2 H opping C onduction
Hopping conduction describes the process in which an e lectron in  an occupied 
state jus t below the Ferm i energy level receives energy' from  a phonon w hich enables 
it  to  move to  a nearby state  above E j .  T h is  conduction process was firs t proposed 
by M ille r and Abraham s [31] to  describe im p u rity  conduction in doped and compen­
sated semiconductors. The  electron movement is described as a series o f hops from
one localized state  to  the next, where hopping is assumed to  occur between nearest
neighbor sites only. The co n d u c tiv ity  o f th is  process was found to  be
a  =  a :ic - ^ lknT (3.3)
where e:i is the smallest energy difference between neighboring sites. T h is  value can
be estim ated from  the density o f states at the Ferm i energy level.
N ( E f  +  d E )  -  N ( E j )
g ( E f )d E  =
V/
N ( E f  +  d E ) - N ( E j )  
d E  ~  7 { E j )v   (3 -4 )
A  E  -  1*-A^7TJJ71 -
g ( E f ) V
Here N ( E )  is the  num ber o f states w ith  energy less than  or equal to  E . V  is the volume 
o f the site and A E min is the m in im um  energy difference between states, corresponding 
to  N ( E f  +  d E )  — N ( E f )  =  1. For nearest neighbor hopping V  ~  a3, where a is the 
distance between nearest neighbors. T h is  gives
e3  T F "T T  (3-5 )g { E f )a3
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for nearest neighbor hopping.
M o tt [23] firs t exam ined the consequences o f rem oving the requirem ent th a t 
hopping occur on ly  between nearest neighbor sites. He argues th a t the energy d iffe r­
ence between states. o f the previous work, can be reduced by increasing the volume
over w hich a state  is chosen. For a given hopping radius. /?. the m in im um  energy
difference is determ ined by equation (3.4) w hich now takes the form
AEmm =  (4 tt/3  )R i g { E j ) '  (3 '6)
An electron hopping over a large distance, however, w ill be required to  tunne l th rough  
a classically forb idden region. The c o n d u c tiv ity  must therefore conta in  a facto r asso­
ciated w ith  th is  tunneling, given as
a  oc c- ' lnR (3.7)
where l / o  is the decay length o f the localized wave function. C om bin ing  equations 
(3.3). (3.G), and (3.7) yields
3
a  oc exp —2 a R  — (3.8)
4 n k BT  R :ig {E f )
E qua tion  (3.8) describes the process o f variable range hopping. A t a given 
tem pera ture  the electron w ill tunne l over a distance R  which provides the least resis­
tance. m ax im iz ing  the conductiv ity . T h is  distance is therefore found by m ax im iz ing  
(t w ith  respect to  R.
dR  (  2 Q +  4irkBT R Ag ( E f ) ^ XP 
Setting  d o / d R  =  0 gives
2q  =
- 2 a R  -
Ai:kBT R :ig { E j )
(3.9)
47rkBT R Ag ( E f ) '
1/4 (3.10)
R =  (  9 Y /4
\87rakBTg(Ef )J ’
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S ub s titu ting  th is  value o f R  back in to  equation  (3.8) yields
a oc exp
=  exp
- 2 a
1/4 3
8 n a k BT g ( E f )  J 4ttA' B T { 8ltakB9Tg{Ej))V 4g ( E f ).
- I — —— / 2j ^ 9  _2^ \  1 7
\ k Bg ( E j ) \  tt 9 ttJ  J
r p  \  1/4  
1 0
(3.11)
ora  =  A  exp 
ln rr oc
The fina l resu lt o f equation (3.11) is M o t t ’s T ~ l^] law for variable range hop­
ping conduc tiv ity . E xperim en ta l results o ften ob ta in  an exponentia l fac to r somewhat 
h igher than  1/4  [24]. and it  has been argued th a t the inclusion o f e lectron - electron 
in teractions w ill change the fac to r to  1 /2  [32]. The theory thus m odified can be stated
ln u o c  - T ~ u, 1 /4  <  v <  1/2. (3.12)
3.3 Variable R ange H opping in Granular M etals
The theo ry  o f hopping conduction  in  granu la r metals [25] is a s lig h tly  m odified 
version o f t heory developed in  the  preceding section. The model system here is a ran­
dom m ix tu re  o f nanom eter sized conducting  and insu la ting  grains. The conduction  
across the system is from  one conducting  g ra in  to  the next. For a volum e concentra­
tio n  o f the conducto r greater than  the perco la tion  threshold  m e ta llic  conduction  is 
predicted. H opping conduction  w il l occur when the m etal volum e concentra tion  falls 
beneath the perco la tion  threshold .
W ith in  the insu la ting  regime, e lectron flow  from  one m eta l partic le  to  the next 
w il l occur by tunne ling  th rough  an insu la tin g  gap. The conductance between tw o 
grains, i and j,  can then be w r itte n  as
G i j  =  Go e x p (—2x Si j  -  E i;i/ k BT) .  (3.13)
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In  th is  equation \  is the tunne ling  constant. is the distance between the particles, 
and Ei j  is the ac tiva tion  energy required to  move an e lectron from  partic le  i to  j.  T h is  
activa tion  energy is a resu lt o f the charging energy o f the partic le .
where C  is the capacitance o f the partic le  and k  is the effective d ie lectric  constant.
The capacitance o f an isolated spherical partic le  is C  =  47m. The activa tion  
energy for the add itio n  o f an electron to  a sm all m e ta llic  gra in is then
For a d ie lectric  constant o f 3c<) and a partic le  rad ius o f 10 nm the ac tiva tion  energy is
In a random ly  m ixed g ranu la r m a teria l there is expected to  be a d is tr ib u tio n  o f 
partic le  sizes th roughou t the  m a trix . As is evident from  equation (3.15) the charging 
energy w ill be sm aller fo r a larger partic le . M in im iz in g  the charging energy w ill 
require an increase in  the tunne ling  distance as more partic les are sampled. As in 
the previous section, m ax im iz ing  the co n d u c tiv ity  results in  an o p tim um  tem pera ture  
dependent tunne ling  distance.
The ca lcu la tion  is perform ed using the c r it ic a l pa th  m ethod [33] as o u tline d  by 
Sheng [25]. In  a g ranu la r conducto r-insu la to r system the conductance between two 
grains w il l con tribu te  s ign ifican tly  to  the overall co n d u c tiv ity  on ly  i f
W  =  Q V  =  Q - / k C (3.14)
E tJ ~  c1 /Anna. (3.15)
(3.16)
E, j  ~  50mcV.
G0 exp[—2\S i j  — E i j /keT]  =  G tJ >  Gc (3.17)
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where G c  is the conductance o f the entire  conduction  path. Taking  the na tu ra l 
loga rithm  o f b o th  sides o f equation (3.17) gives
Equation  (3.18) sets a lim it  on the m axim um  tunne ling  distance. Sm. and partic le  
charging energy. E m.
I t  is now necessary to  consider the fo rm a tion  requirem ent o f a percola ting net­
work. One such requirem ent is tha t the num ber o f bonds em anating  from  a site must 
exceed a c r it ic a l bond perco la tion  num ber. bc [34]. The num ber o f bonds a pa rticu la r 
site is able to  form  w ill increase w ith  the density o f states in  the v ic in ity  o f the Fermi 
level. y ( E f ) .  the m axim um  possible tunne ling  distance. Sw. and m axim um  activa tion  
energy. A t the percola tion threshold th is  num ber o f bonds is a dimensionless
constant. It  is then reasonable to  assume
where f  is a dimensionless p ro p o rtio n a lity  constant.
As an exam ple consider tw o systems o f the same d im ensiona lity , bo th  at the 
percola tion threshold. The two must then have the same bc. I f  one o f the systems 
has a larger E m, for example, i t  m ust also have a sm aller Sm o r g [ E j )  than  the other 
in  order to  rem ain a t the  perco la tion  threshold. E qua tion  (3.20) is the sim plest way 
to  derive a dim ensional num ber from  these three quantities . T h is  result has been 
confirm ed in  a deta iled ca lcu la tion  by Sheng and K la fte r [35].
S u b s titu tin g  (3.19) in to  (3.20) gives
ln (G 'o /G c) >  2\ S i } +  E l } / k g T . (3.18)
Sm =  ( l / 2\ )  ln (G n/G r:) .  and 
E m =  k BT \ n ( G n/ G c ).
(3.19)
be =  f  g ( E f ) E mSfn (3.20)
f 9 \ n j )  K x r  
ln (G c) a  —T -1/4
r,n (G o /G c ) ]4. or
(3.21)
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Again, experim en ta l measurements o ften find  the exponentia l fac to r to  be 1 /2  
[24.25]. Sheng argues th is  is caused by an in te rpo la tion  between low tem pera ture  
hopping. J1-1/-1, and h igh  tem pera ture  ac tiva tion . T ~ \  behaviors.
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Chapter 4 
Com puter Simulation
T h is  fina l chapter o f the theoretica l work develops a com puter model o f the 
conduction across iron po ly im ide  nanocomposites based upon perco la tion  theory. Per­
co la tion  theory provides a fram ework from  which to  explore the m e ta l-insu la to r tra n ­
s ition . as well as enabling the ca lcu la tion  o f tra nsp o rt p roperties at the trans ition . 
The tra n s itio n  po in t, the perco la tion  threshold, can be calculated by tre a tin g  the in d i­
v idua l iron  partic les as random ly  d is trib u te d  conducting  spheres w ith in  an insu la ting  
m a tr ix  and searching fo r conduction  paths across the system as the volum e percent­
age o f iron  partic les w ith in  the  m a tr ix  increases. The p o in t a t which d irec t contact 
conduction firs t occurs is the  percola tion  threshold. A  com puter m odel to  perform  
th is  ca lcu la tion  has been developed and w ill be presented in  th is  chapter. The model 
also perform s ca lcu lations o f the  sample re s is tiv ity  a t the perco la tion  thresho ld  or as 
a function  o f iron  volum e concentration. In  add ition , the  effects o f sp in  dependent 
tunne ling  are incorpora ted  enabling calculations o f the T M R .
33
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4.1 T w o-D im ensional P ercolation  Sim ulation
The model developed here is based upon close packing o f iron  partic les w ith in  
the po ly im ide  m a trix . For the  tw o-d im ensional case, spherical iron  particles are ran­
dom ly  added to  un filled  sites on a trigona l la ttice . The perco la tion  threshold is 
determ ined by find ing  the concentra tion  at which a connected netw ork firs t forms 
across the system. C onduction  is assumed between nearest neighbor pairs only.
The system is searched for the existence o f a perco la ting  netw ork each tim e 
a partic le  is added to  the m a trix . The occupancy o f la ttice  sites w hich are nearest 
neighbors to  the loca tion  o f the added partic le  is determ ined. Occupied sites on 
neighboring la ttice  positions are grouped w ith  the o rig in a l site in to  a cluster. The 
occupancy o f a ll sites neighboring the cluster is then determ ined and occupied sites 
are added to  the cluster. T h is  process is continued u n til a ll the neighboring sites o f 
the cluster are vacant. A t th is  po in t it  is determ ined i f  the d u s te r spans the system. 
A  spanning cluster is recognized as one which contains partic les at b o th  extrem a o f 
the system. I f  a spanning cluster is found the system, by d e fin ition , percolates and 
the percola tion density is given by the frac tion  o f la ttice  sites w hich conta in  iron 
particles. I f  the cluster does not span the system an add itio n a l pa rtic le  is added to 
the system, beginning a new search.
Figures 4.1 th rough  4.3 displays the results from  three separate runs for the 
ca lcu la tion  o f the perco la tion  thresho ld  for a 50x50 trig o na l array. In  these figures 
the  partic le  size is scaled to  equal the la ttice  param eter, such th a t nearest neighbor 
partic les w ill touch. The trig o na l la ttice  is displayed in  gray under the spherical 
particles. Particles th a t are members o f the spanning c luster are shown in  black 
w hile  partic les in  the system w hich are not members o f the  spanning cluster are 
draw n in  gray. The da ta  shown in  F igure 4.1 and 4.3 percolates across the system in  
b o th  the horizon ta l and ve rtica l d irec tion . In  contrast, F igure  4.2 on ly  percolates in
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Figure 4.1: Percolation s im u la tion  results for 50x50 trig o na l array. C alcu la ted perco­
la tio n  threshold pc =  50.5%.
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Figure 4.2: Percolation s im u la tion  results for 50x50 tr ig o n a l array. C a lcu la ted  perco­
la tio n  threshold  pc =  49.1%.
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Figure 4.3: Percolation s im u la tion  results for 50x50 trig o na l array. C alcu la ted perco­
la tion  threshold  pc =  49.96%.
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Table 4.1: C a lcu la ted results o f average perco la tion  threshold  and standard dev ia tion  
for trigona l lattices._______________________________________________________________
Lattice
Size
10x10 15x15 20x20 25x25 30x30 35x35 40x40 45x45 50x50
Pc 0.516 0.515 0.514 0.505 0.498 0.497 0.4997 0.4996 0.502
a 0.078 0.055 0.056 0.043 0.040 0.034 0.034 0.028 0.025
0.6
-o 0.55
x :
E- 0.5
eo
J2
§ 0.45o
a .
0.4
40 60
Lattice Size
Figure 4.4: G raph o f ca lcu lated average percola tion  threshold  and standard dev ia tion  
for trigona l lattices.
the vertica l d irection .
The fin ite  size o f the  s im u la tion  has in troduced some errors in to  the ca lcu lation. 
I t  is known th a t the perco la tion  thresho ld  fo r a tr ig o na l la ttice  is pc =  0.5 exactly  [1]. 
The values ca lcu lated in  Figures 4.1 th ru  4.3 are seen to  closely approxim ate  th is  
value, w ith  an erro r o f less than  2%.
The results o f repeated s im u la tion  runs for the 50x50 array give an average 
pc =  0.502 w ith  a =  0.025. Table 4.1 and F igure 4.4 show the average percola tion  
threshold and s tandard  dev ia tion  for various la ttice  sizes. The results c learly  converge 
to  the exact value o f 0.5.
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The agreement between the known exact value o f pr and the value calculated 
th rough the M onte C arlo  s im u la tion  described above gives confidence in  the model 
and enables its  use as a b u ild in g  block in  more com plicated ca lcu lations as described 
below.
4.2 T hree-D im ensional P ercolation  Sim ulation
The two dim ensional perco la tion  model described in the previous section can 
be expanded in to  three dimensions in a stra ight forw ard  manner. Particles are again 
random ly added to  an unde rly ing  la ttice , w ith  conduction  on ly between nearest neigh­
bor occupied sites. For th is  w ork the hexagonal close-packed (hep) la ttice  was used. 
T h is  lat tice describes one o f the na tu ra l stacking arrangements for hard spheres and 
is therefore appropria te  for the consideration o f spherical iron partic les in a non in ter­
acting  m a trix . The la ttice  is constructed by first stacking two d im ensional trigona l 
arrays d ire c tly  above each o the r to  form  a hexagonal la ttice. Tw o such hexagonal 
la ttices are then in terpenetra ted  to  form  the hexagonal dose-packed la ttice . The sec­
ond hexagonal la ttice  is displaced from  the firs t such th a t each trigona l net rests in 
the depressions le ft in  the center o f every o ther triang le  o f the layer beneath it  [20]. 
I f  the ra tio  o f the height o f the hexagonal array to  the length o f the la ttice  vector in 
the plane o f the trig o na l a rray c /a  =  -y/8/3 the la ttice  is an ideal hep structure . The 
ideal hep la ttice  was used th roughou t th is  work.
Figure 4.5 displays a hep la ttice  composed o f five stacked 10x10 trig o na l la t­
tices. The num ber o f nearest neighbors in  th is  la ttice , fo r sites not on a boundary, is 
twelve. T h is  compares to  s ix nearest neighbors in  the tw o dim ensional tr ig o n a l la t­
tice. The increase in  the num ber o f nearest neighbors suggests th a t a sm aller volume 
frac tion  o f sites need to  be filled  in  order for the system to  percolate.
F igure 4.6 displays tw o  views o f the  results fo r the  ca lcu la tion  o f the perco la tion
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Figure 4.5: H CP la ttice  composed o f five stacked 10x10 tr ig o n a l la ttices.
threshold in a 4x4x4 hep la ttice . In  th is  figure black circles correspond to  the unfilled  
la ttice  sites. The partic les which form  the perco la ting  netw ork are draw n in  w h ite  
w hile  o ther partic les in  the system are colored gray. The perco la tion  c rite ria  for th is 
s im u la tion  was the fo rm a tion  o f a connected network along the  z-axis. Note tha t this 
system does not percolate along the x o r y  axes. The calculated perco la tion  threshold 
o f 28.12% is well below the 50%, value obta ined in  the  tw o  d im ensiona l s im ula tion. 
The results o f a second s im u la tion  run  using the same perco la tion  c r ite r ia  are shown 
in  F igure 4.7. Here the percola tion  thresho ld  is ca lculated as 18.75%. T h is  system is 
seen to  percolate along bo th  the  y  and z axes.
As in  the  tw o  d im ensional case, the  fin ite  la ttice  size in troduces considerable 
errors in to  the ca lcu la tion  o f pc. In  the tw o  dim ensional case it was shown in Table 4.1 
and F igure 4.4 th a t increasing the la ttice  size reduces the v a r ia b ility  o f the calcula­
tion , w ith  the ca lcu lated results converging to  the tru e  value o f pc. T he  corresponding 
data  for the H C P la ttic e  is shown in  Table 4.2 and F igure 4.8. For la ttic e  sizes above 
15x15x15 pc remains w ith in  0.5% o f 20% w ith  the s tandard  d ev ia tio n  decreasing w ith  
increasing la ttice  size. The perco la tion  thresho ld  fo r an in fin ite  ideal H C P la ttice
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Figure 4.G: Percolation .simulation results for 4x4x4 HCP array. C a lcu la ted percola­
tio n  threshold pc =  28.12%.
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Figure  4.7: Percolation s im u la tion  results for 4x4x4 H C P  array. C a lcu la ted  percola­
tio n  threshold pc =  18.75%.
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Table 4.2: Calculated results o f average perco la tion  threshold and s tandard  devia tion  
for hexagonal close-packed la ttices.
La ttice 10x10 15x15 20x20 25x25 30x30 35x35 40x40 45x45 50x50
Size xlO x l5 x20 x25 x30 x35 x40 x45 x50
Pc 0.215 0.206 0.204 0.204 0.203 0.201 0.201 0.201 0.201
(T 0.031 0.023 0.015 0.011 0.008 0.007 0.007 0.007 0.006
oJSv.<u
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Figure 4.8: G raph o f ca lcu lated average perco la tion  threshold and standard devia tion  
for HC P lattices.
is inferred by ex trap o la ting  the fin ite  la ttice  da ta  out to  ever increasing la ttice  size. 
Using th is  approach the s im u la tion  da ta  predicts a percola tion  threshold  o f approxi­
m ate ly 20.1% ±  0.6% for an ideal HC P la ttice . A t  an iron  volume concentra tion  well 
above th is  calculated value o f pc m e ta llic  conduction  across the system is antic ipa ted. 
S im ila rly , d ie lectric  behavior is expected for iron  volum e concentrations well below 
20%. Near the c rit ic a l value pc a tra n s itio n  between the tw o regimes should be seen.
The experim enta l w ork o f the fo llow ing  chapter w il l concentrate on measuring 
the e lectronic transpo rt properties across the perco la tion  threshold in  b u lk  iron  po ly- 
im ide composites. In  p a rticu la r, measurement o f tunne ling  and hopping conduction
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w ill be perform ed for samples w ith  iron  volume concentrations near the percola tion  
threshold . F irs t, the s im u la tion  model developed here w ill be used to  p red ict some o f 
these transpo rt properties.
4.3 R esistance C alculations in Iron P oly im id e C om ­
posites
The results from  the previous sections can be b u ilt  upon to  provide a means 
for ca lcu la ting  the electronic transpo rt properties in  iron po ly im ide  composites. In 
th is  section ca lculations o f the sample re s is tiv ity  a t the perco la tion  threshold are 
perform ed. In add ition , a simple ca lcu la tion  fo r the tunne ling  magnetoresistance 
across a granu lar sample is presented based upon the results o f the previous sections 
com bined and those o f C hapter 2.
The calculations in th is  section proceed d ire c tly  from  the two dim ensional 
perco la tion  ca lcu lations o f Section 4.1. The netw ork o f conducting  partic les in  the 
in su la ting  m a tr ix  is analyzed using mesh current analysis [3G]. An unknown current 
is assumed to  flow clockwise around each triang le  (mesh) o f the la ttice , as ind icated in 
F igure 4.9. The to ta l resistance around mesh i is represented as and resistances in  
com m on between meshes i and j  are labelled RXJ. The  resistance across the network 
is a func tion  o f the resistance between nearest neighbor sites, R1in. For th is  w ork the 
resistance in  a rb itra ry  un its  is taken as Rnn =  1 i f  bo th  sites are filled . I f  e ither o f 
bo th  o f the neighboring sites are em pty the resistance between the sites is taken as 
R =  106. I t  is now necessary to  app ly  K irchhofFs second, o r voltage, law to  each 
mesh o f the c ircu it. K irc h h o ff’s voltage law  states
(4.1)
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Figure 4.9: Mesh current analysis for 3x3 trigona l array.
A p p ly in g  KirchhofF's voltage law to  the c irc u it o f F igure  4.9 gives the set o f equations
= 1 = R-llh — R\2^2  — Rv.)I'.h
-2 — ~R'2lh + R’Z2^ 2 ~~ Rzil.l ~~ Ajf, ,
- : i  =  2 +  R.i’.i A'i — 1 \ •
£.\ — 4- R.\.\I.\ — R.\~h-
(4.2)
=.ri = —Rrszl2 + Rr,rjr> — Rc^h ~ A5 9 / 9 .
£c> =  — Rsuh +  RiifJc, ~~ RgtR-
£t = — Ri-\ I  a — Rmh + R77I 7 — R7sh-
£s = —/?78^ 8 + RfiS 18 •
In  the case presented here the e lectrom otive  force around any mesh. ev  is zero. 
The d riv in g  force is exte rna l to  the tr ig o n a l la ttice , as draw n in  F igure 4.10. T h is  
adds one add itio n a l mesh to  the netw ork and one corresponding equation to  the set
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Figure 4.10: Mesh current analysis fo r 3x3 trigona l array w ith  exte rna l drive.
o f equation (4.2).
£,) =  —/?!<)/[ — Z?-,!)/.-} +  ZZ'kjZi). (4.3)
A  fina l po in t used for the ca lcu la tion  o f the resistance across the la ttice  is
to  set the resistance between la ttice  po in ts at the measurement boundaries equal to
zero. For the la ttice  p ic tu red  in  F igure 4.10 th is  w ould mean zero resistance along the
top and b o tto m  edges. Using these conventions the m a tr ix  equation fo r the netw ork
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voltage o f F igure 4.10 is
H ^2 x1 0 “ - 1 0 “ 0 0 0 0 0 0 - l O 6 ' '
0 - 1 0 “ 3x1 0r* - 1 0 “ 0 - 1 0 ° 0 0 0 0 h
0 0 -  10(i 1 +  10'5 - 1 0 0 0 0 0 h
0 0 0 - 1 1 +  2x10° 0 0 - 1 0 “ 0 0
0 = 0 -  10“ 0 0 3x10'* - 1 0 “ 0 0 - 1 0 “ lr.
0 0 0 0 0 - 1 0 “ 1 +  10“ -1 0 0 lr,
0 0 0 0 - l ( J r* 0 - 1 1 +  2x10“ - 1 0 “ 0 h
0 0 0 0 0 0 0 - 1 0 “ 2x10“ 0 I h
v) ^  - 1 0 r* 0 0 0 - 1 0 “ 0 0 0 2 x l0 “ y w
Iu  o rder to  calculate the resistance across the la ttice  the d rive  voltage is taken 
to  be u n ify  and the unknown mesh currents are solved for by m u lt ip ly in g  th rough 
by the conductance m a trix  [G] =  [/?]- 1. The resistance across the la ttice  is given 
by Ri - V) / Lj. Since* a ll elements o f the voltage vector are* zero except for VI, =  1, 
/<, =  [G]<)<) and /?; =  [Gjo;,
For the resistance m a trix  in  equation (4.4) [G]g<j =  800003/1600000. T h is  
gives the calculated la ttice  resistance as Ri =  [G]g<,_1 =  1.9999925. In  th is  case the 
resistance across the la ttice  shown in  F igure 4.10 is easily found by inspection to  
be exactly  2.0. The calculated results are seen to  be qu ite  accurate, a lthough the 
use o f a f in ite  resistance between unoccupied sites on the la ttice  causes the mesh 
current analysis to  s lig h tly  underestim ate the resistance across the la ttice . The erro r 
is extrem ely sm all, less than  0.003% in  th is  case.
A lth o u g h  the exam ple perform ed above is a t r iv ia l case, the m ethodology can 
be system atica lly  extended to  an a rb itra ry  size la ttice . The on ly  constra in t here is 
the required com puter m em ory w hich can be qu ite  h igh. The size o f the m a tr ix  to  be 
inverted, fo r an n by n  la ttice , is 1 +  2 (n  — l ) ( n  — 1), o r approx im ate ly  2 (n  — l ) 2 for
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Figure 4.11: Percolation s im u la tion  for 20x20 trigona l la ttice . Calcu la ted pr =  52.5% 
and calculated R / R nn =  13.4.
large n. The inversion o f a m a tr ix  bv standard  methods requires loading the entire  
m a tr ix  in R A M . For a 2(n  — l ) 2 by 2 (n — l ) 2 m a tr ix  th is  necessitates the storage o f 
4 (n — I ) '1 double precision floa ting  po in t numbers. For a 32 b it processor th is  equates 
to  rough ly 185 M bytes o f R A M  for a 50x50 trig o na l la ttice , and 3.1 Gbytes for a 
100x100 la ttice . In  th is  w ork the m axim um  la ttice  size was lim ite d  to  45x45 in  order 
to  accommodate the accessible com puter systems.
Figures 4.11 and 4.12 d isp lay the  perco la tion  s im u la tion  and resistance calcu­
la tio n  results from  tw o separate runs on a 20x20 trig o na l la ttice . In  each case the 
resistance is ca lcu lated along the ve rtica l axis and is norm alized to  the resistance 
between nearest neighbor occupied sites.
The ca lcu lated resistance as a fu n c tio n  o f g rid  size is given in  F igure 4.13. T h is  
graph displays the  calculated mean resistance and s tandard  dev ia tion  for ten separate
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Figure 4.12: Percolation s im u la tion  for 20x20 trigona l la ttice . Calcu la ted pc =  48.25% 
and calculated R / R n n =  19.5.
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Figure 4.13: Calcu la ted resistance as a function  o f g rid  size.
runs at each grid  size. The values are d iv ided by the num ber o f possible bonds along 
an edge o f the mesh, n-1, showing tha t the resistance scales rough ly linea rly  w ith  the 
g rid  size.
4.4 M odel and Sim ulation R esu lts for Tunneling  
M agnetoresistance
C alcu la tion  o f tunne ling  effects are incorpora ted  in to  the model o f Section 4.3 
using the results o f C hapte r 2. The resistance between neighboring sites is no longer 
fixed b u t re lated to  the nearest neighbor m agnetiza tion  d irections by
G  =  +  P}b~ cosf?). (2.14)
The resistance between sites when e ither or b o th  o f the sites is em pty is again taken 
as R  =  106, o r G =  10-6 . In  equation (2.14), G /b f and P /p are defined in  C hapte r 2 to  
be the mean ferrom agnet-barrier-ferrom agnet tunne ling  conductance and the effective
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fcrrom agne t-barrie r spin po la riza tion , respectively. As discussed in  C hapter 2 several 
values o f the effective spin po la riza tion  have been reported. For iron  reported values 
range from  0.45 [3] to  0.19 [4], The  w ork  o f J. M . M aclaren indicates th a t the value 
o f Pfb is nor constant bu t dependent upon bo th  the barrie r height and thickness [5]. 
These results are sum m arized in  Table 2.2 and Figures 2.4 - 2.5.
A n  in it ia l estim ate o f the tun n e lin g  magnetoresistance across the iron  po ly ­
im ide composite samples o f the cu rren t s tudy  was perform ed by inco rpo ra ting  equa­
tio n  (2.4) in to  the com puter s im u la tion  discussed above. A  fixed value o f Pfb =  
0.264575. P jh =  0.07. was chosen fo r the effective ferrom agnet-barrier spin po lariza ­
tio n . T h is  value o f lies w ith in  the  range deta iled above and agrees w ith  early 
experim enta l measurements o f the conductance va ria tion  across a single tunne ling  
ju n c tio n  [2].
The ca lcu la tion  o f the resistance across the la tt ice was perform ed at the calcu­
la ted  percola tion threshold w ith  the assum ption tha t the resistance between nearest 
neighbor occupied sites follows the form  o f equation (2.14). The ca lcu la tion  o f the 
resistance in the unm agnetized sta te  was perform ed by assigning a random  d irec tion  
to  the m agnetization vector at each site. The ca lcu la tion  was then perform ed a sec­
ond tim e  w ith  a ll m agnetiza tion  vectors aligned along a fixed axis. The s im u la tion  
results for the tunne ling  m agnetoresistance is then s im p ly  given by
A R  { R B = B m a x  P - B = o )  /  i r  \
~R  =  R Z a  ( 4 ' 5 )
where B  =  B m a x  is the state w ith  a ll m agnetiza tion  d irections aligned and B  =  0 is 
the  state  w ith  random  o rie n ta tio n  o f the m agnetiza tion  vectors.
Table 4.3 reports the  ca lcu la ted tunne ling  magnetoresistance across two-dim ensional 
iro n  po ly im ide  com posite samples a t the iron  perco la tion  threshold. The tab le  also 
in d iv id u a lly  reports the resistance o f the  unm agnetized and m agnetica lly  saturated 
states. In  each case the d a ta  were averaged over tw enty consecutive runs a t each g rid
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Table 4.3: C alcu la ted tunne ling  magnetoresistance in tw o d im ensiona l iron  po ly im ide
L a ttice
Size
10x10 15x15 20x20 25x25 30x30 35x35 40x40 45x45
P r =o 6.68 10.09 13.50 17.14 20.97 24.41 26.57 33.89
a 2.09 3.22 4.73 4.63 6.77 8.59 9.30 9.77
Rs=Bmax 6.22 9.45 12.59 15.96 19.53 22.72 24.81 31.59
a 1.92 3.03 4.41 4.33 6.28 7.96 8.69 9.10
A R /R r =0 0.067 0.064 0.067 0.070 0.068 0.069 0.066 0.068
a 0.012 0.011 0.009 0.006 0.007 0.006 0.006 0.005
size. The ca lcu lated magnetoresistance is seen to  rem ain nearly constant across the 
range o f g rid  sizes, w ith  the standard dev ia tion  o f the ca lcu lated results decreasing 
w ith  increasing g rid  size.
F igure 4.14 displays a p lo t o f the tunne ling  magnetoresistance tabu la ted  in 
Table 4.3. The percentage change in  resistance is nearly constant across the various 
g rid  sizes. The average value o f 6.74% is shown on the graph as a dashed line. T h is  
value o f the T M R  is s ign ifican tly  less than  given by equation (2.3). re w ritte n  below. 
A G  G\\ — Gift ~  R\\ 2P P ' 2P 2
G  G'n 7?tt 1 +  P P ' l  +  P 2 ' ’
In  th is  equation the value o f P 2 =  0.07 yie lds A R /R  =  13.1%;. T h is  value is rough ly
tw ice th a t ca lculated by the s im u la tion  m odel presented above. The difference corre­
sponds to  the absence o f a forced an tife rrom agne tica lly  a ligned state between neigh­
boring  partic les in  the  com puter s im u la tion . The  results tabu la ted  in  Table 4.3 and 
p lo tte d  in  F igure 4.14 correspond to  the difference between a random  spin o rien ta ­
tion  across the sample and the  m agnetica lly  sa tu ra ted  state. E qua tion  (2.3) gives 
the m ax im um  change in  conductance across the  barrie r, corresponding to  tunne ling  
between ferrom agnetic and antife rrom agne tic  a lignm ent between the  ferrom agnetic 
layers. Such an a lignm ent w il l occur i f  the coercive fie ld  o f the m a te ria l on e ithe r 
side o f the ba rrie r is d iffe rent. As the  system is cycled th rough  a hysteresis loop
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Figure 4.14: C a lcu la ted magnetoresistance as a function  o f g rid  size'.
the softer m ateria l w il l reverse its  m agnetization d irec tion  at a lower fie ld level. The 
magnetic- moment o f the harder layer w ill rem ain in  opposition to  the applied field 
u n til the larger coercive fie ld is applied. The fie ld region between the tw o coerciv ities 
w ill then correspond to  an antife rrom agnetic  a lignm ent o f the tw o  m agnetic layers. 
The presence o f an an tifc rro ina g nc tica lly  aligned sta te  between neighboring sites is 
un like ly to  occur in  the iron  po ly im ide  composites o f the present study, resu lting  in  a 
predicted m axim um  T M R  o f rough ly 1 /2  tha t given by the ca lcu lations o f chapter 2.
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Chapter 5 
Experim ent
The theore tica l model for e lectron ic conduction  in  iron  po ly im ide  nanocom- 
positcs presented in  the previous chapters predicts some very in teresting  transport 
properties in  these systems. In  pa rticu la r, tunne ling  magnetoresistance and va ri­
able range hopping conduction are antic ipa ted  for samples fabricated at iron  volume 
concentrations near the percola tion threshold. In  th is  chapter a sample fab rica tion  
procedure is developed and the experim enta l m ethods for iden tifica tion  o f tunne ling  
magnetoresistance and variable range hopping are described.
The im p o rta n t firs t step in  de tecting  T M R  and V R H  in  iron  po ly im ide  com­
posites is the sample fab rica tion  procedure. W hereas most research in  T M R  m ateria ls 
has focused on th in  film  m u ltilayers [7-10], the sample fab rica tion  procedure incorpo­
ra ted  here is compression m old ing  o f fine ferrom agnetic powders in  a nonconducting 
po ly im ide  m a trix . Compression molded T M R  devices m ay have sign ificant advan­
tages over sputte red systems, inc lud ing  ease o f fab rica tio n  and lowered p roduc tion  
costs. The firs t section o f th is  chapter w ill d e ta il th is  unique approach to  T M R  
m a te ria l fabrica tion .
A  deta iled s tudy o f the physical properties o f compression molded iro n  po ly-
53
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im ide composites w ill fo llow  the sample fab rica tion  procedure. E xperim enta l m eth­
ods for the measurements o f the density, partic le  d is tr ib u tio n , m agnetization, and 
magnetoresistance are presented. In  add ition , experim enta l measurements for the 
tem perature dependence o f the conductance and magnetoconductance are described.
A  c ritica l variable in  de te rm in ing  the m agnitude o f the T M R  is the average 
iron  partic le  separation distance. T h is  separation distance, equivalent to  the b a rrie r 
thickness described in  chapter 3.3. is dependent upon several sample fab rica tion  pa­
rameters inc lud ing  iron  partic le  size and prem old ing  m ateria l processing. In  the fina l 
section o f th is  chapter a technique u tiliz in g  high energy ba ll m illin g  to  op tim ize  th is  
tunne ling  distance' w il l be described.
5.1 Sam ple Fabrication Procedure
Iron  po ly im ide  composites were m anufactured th rough  ba ll m illin g  and com ­
pression m old ing o f powdered Fe w ith  a h igh perform ance po ly im ide  [13] in powdered 
form . The com m ercia lly available Fe powder has a nom ina l p u r ity  o f 99.5 at. (Z and 
partic le  size o f 6 -  10//m [37]. Samples w ith  Fe volum e fractions o f 0.15. 0.20. 0.23. 
0.28. 0.34. 0.44, 0.54, and 0.64 have been prepared by com bining the appropria te  
am ounts o f Fe and po ly im ide  in  a hardened steel v ia l w ith  two 6 m m  d iam eter s ta in ­
less steel balls w ith  a ba ll-to -pow der weight ra tio  o f 1:5. The v ia l was sealed in  an 
argon atmosphere to  m in im ize  ox ida tion  o f the iron. The m ateria l was then m illed  for 
10 m inutes in  a S PE X  m odel 8000-D h igh  energy ba ll m ill. Research perform ed by 
o the r authors has shown th a t a s im ila r m illin g  procedure w ith  a higher ba ll-to -pow der 
weight ra tio  and longer m illin g  tim es can be used to  reduce m icron sized partic les 
in to  nanophase m ateria ls [38.39]. The p rim a ry  goal here is to  guarantee a com plete 
m ix tu re  o f the two powders and on ly  secondarily to  reduce the iron  partic le  size. A f­
te r ba ll m illing , the pow der was removed from  the  v ia l and poured in to  a m old. The
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b u lk  sample was prepared by compression m o ld ing  the m ixed powders a t 300° C for 
30 m inutes under 3.5 M P a o f exte rna l compressive load. The sample size as removed 
from  the m old was app rox im a te ly  2.5 x 2.5 x  0.6 c in3.
The density o f the samples is measured by app ly ing  Archim edes' p rinc ip le  [40]. 
The mass o f the sample is measured tw ice, f irs t in  a ir and then w ith  the sample 
submerged in  de-ionized water. A ccord ing  to  A rch im edes’ p rinc ip le  the buoyancy, 
measured as the difference between the weight in  a ir and in water, is equal to  the 
weight o f the flu id  th a t the body displaces. T h is  can be restated by d iv id in g  th rough 
by the constant ry. In  th is  form  Archim edes' p rinc ip le  states th a t the difference in 
mass between the tw o measurements is equal to  the mass o f the flu id  th a t the body 
displaces. The volum e o f the flu id  displaced is then found by d iv id in g  the mass o f 
the flu id  by its  density. For h igh p u r ity  de-ionized w ater the density  is 1.0 gm /cc  so 
tha t the density o f the sample is given by
Figure 5.1 disp lays the experim en ta lly  measured density  o f the as molded sam­
ples along w ith  the fu ll packing density, ca lcu lated by sum m ing the product o f the 
volum e frac tion  o f the po ly im ide  and its  density(p  =  1.376 gm /cc ) w ith  the volume 
frac tion  o f iro n  and its  density (p =  7.86 gm /cc). I t  is clear from  th is  da ta  th a t the 
samples w ith  Fe volum e fractions less than  50% are t ig h t ly  packed, w h ile  some voids 
exist in  the  higher iron  volum e percentage samples. I t  has previously been found th a t 
a much h igher m o ld ing  pressure is required in  order to  o b ta in  com plete packing in  
samples w ith  h igh iron  volum e percentages [41.42].
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Figure 5.1: E xperim en ta lly  measured density and fu ll packing density  as a function 
o f iron volume percent for iro n  po ly im ide  com posite samples
5.2 O ptical and Scanning E lectron M icroscopy
O ptica l m icrographs o f the samples were acquired using a Loica model M E F4M  
microscope. The as molded samples were hand polished to  a sm ooth surface by d ry  
sanding, the fina l stage using 2400 g r it sandpaper. O p tica l m icroscopy can provide 
im p o rta n t in fo rm a tion  concerning iron  pa rtic le  size and d is tr ib u tio n  th roughou t the 
sample, b u t does no t give de fin itive  results for the elemental d is tr ib u tio n  o f the mate­
rials. In  order to  ve rify  the iro n  d is tr ib u tio n  th roughou t the sample scanning electron 
microscopy (SEM ) has been perform ed. Scanning e lectron m icroscopy u tilizes a finely 
focused electron beam to  irrad ia te  the sample under test. Images are ty p ic a lly  formed 
by measuring the secondary electron (SE) or backscattered e lectron (B E ) emission at 
each po in t across the scan area. A n  im p o rta n t feature o f e lectron m icroscopy is the 
a b ility  to  perform  elem ental analysis on m icron length  scales. The x-rays em itted  as 
a resu lt o f electron bom bardm ent a t a specific loca tion  on the sample can be analyzed 
w ith  an energy dispersive x -ray  spectrom eter (EDS). Q u a lita tive  x -ray  m icroanalvsis
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is perform ed by m atch ing  the detected x-rays to  the known characteris tic  x -ray  peaks 
o f the elements [43].
5.3 M agnetic Force M icroscopy M easurem ent Sys­
tem
M agnetic force m icroscopy (M F M ) is a pow erfu l too l for im aging surface mag­
netic fields a t length scales down to  10 nm [44]. A  subset o f Scanning probe m icroscopy 
(SPM ). M F M  utilizes an a to m ica lly  sharp probe to  in teract w ith  the sample under 
test. The w ork described here was perform ed using a D ig ita l Ins trum ents Nanoscope 
I l ia  scanning probe system w ith  a M u lt iM o d e ™  [45] microscope.
A  schematic d iagram  o f the experim enta l setup for M F M  is d isp layed in  F igure 
5.2. The sample under test is m ounted on a three axis p iezoelectric tube  scanner 
d ire c tly  under the probe tip . D u ring  a scan the position  o f the probe tip . formed at 
the end o f a cantilever, is m on ito red  using a deflected laser beam. M F M  is perform ed 
in  Tapp ingM ode1 M [45]. In  th is  test configu ra tion  the cantilever is excited at its 
resonant frequence and the am p litude  and phase o f the t ip  oscilla tions are m onitored. 
As the sample under test in teracts w ith  the probe t ip  a dam pening o f the  oscilla tions 
w ill occur. The scanning probe microscope uses feedback from  the pho tode tecto r 
o u tp u t to  change the ve rtica l pos ition  o f the sample such th a t the osc illa tions o f the 
probe t ip  rem ain constant [44,46].
In  order to  o b ta in  an M F M  image tw o interleaved scans are perform ed. The 
probe t ip  is f irs t b rought in to  contact w ith  the sample and a scan line acquired. D u ring  
th is  scan the a tom ic forces between the sample and the probe t ip  are responsible for 
t ip  deflections, and the topo logy o f the sample is recorded. A  second scan along the 
same line  is then perform ed using L iftM o d e ™  [45]. A  fixed li f to f f  is added to  the
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Figure 5.2: Schematic d iagram  o f experim enta l setup for magnetic force microscopy.
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measured topo logy fo r each scan p o in t along the line. The lifto ff, typ ica lly  50 — 200nm,
probe t ip , however, is coated w ith  a m agnetic th in  film  and w ill thus be influenced 
by m agnetic fie ld  gradients. Localized m agnetic moments in the sample w ill create 
such fie ld  gradients a t the probe t ip  location .
The  M F M  probe-sample in te rac tion  can be modeled as tha t o f a v ib ra tin g  mass 
in  a m agnetic po ten tia l.
Here k  is the spring  constant o f the cantilever, h is the height o f the probe t ip  above 
the sample surface, and U( h )  is the m agnetic po ten tia l energy. The  frequency sh ift 
caused by the in te rac tion  o f the probe t ip  w ith  m agnetic sources in the sample is 
found by expanding the po ten tia l to  second orrle r about the po ten tia l m in im um .
is large enough to  decouple a tom ic forces between the sample and the probe t ip . The
V  =  t ( T - h f + U ( h ) . (5.2)
(5.3)
As the po te n tia l is expanded about =  0. and since a constant po ten tia l w il l not 
influence the dynam ics o f the problem , the po te n tia l can be w ritte n
(5.4)
The lagrangian is thus given by
(5.5)
and Lagrange’s equation  is
(5.6)
The so lu tion  to  equation  (5.6) is
(x -  h)  =  e~iuJt
( k  l d 2U \  X 1/2 (5.7)
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Taking ujq =  y j k / m .  the frequency o f osc illa tion  can be w ritte n
/ ,  l 9 2 U  1C. Q\
“  = +  (5-8)
Assum ing th a t the frequency sh ift caused by the m agnetic po ten tia l is small, 
the square roo t can be expanded as
+  (5.9)
1 u>o 0 2U
such tha t
(5.10)
( 5 U )
In  ca lcu la ting  U.  the m agnetization o f the M F M  probe t ip  can be estimated 
as tha t o f a m agnetic d ipole  o f strength m ,,// [47]. The m agnetic potentia l is then 
given by [48]
U  =  - r r l i  ■ D  =  - m i ( - V 0 m) =  n 7 | ( V r  ). (5.12)
v
Here m i is the m om ent o f the probe t ip  and rn > is the  m om ent o f the partic le  under 
test. For the specific case m i || m 2 || T,
^ n m 2 2 m 1m ,
Ux =  m i • V —  = --------- =— . (5.13)
x -  x 4
S u b s titu tin g  equation  (5.13) in to  (5.11) yields,
- W o m .m , 4
k x b
Several o f the  variables in  equation (5.14) are available in  the lite ra tu re . The 
value o f m i has been estim ated from  equation (5.11) based upon measured frequency
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3: A m p litu d e  and phase o f cant ilever osc illa tion  as a function  o f drive  fre-
sh ifts from  a known m agnetic source [47.49]. The c ited works give rn i ~  10 emu. 
The value o f the spring constant k is also found in the lite ra tu re  as k % 5 x 10-1 dyne /cm  
[46,47],
The resonant frequency o f the M F M  cantilever was experim en ta lly  measured 
by m on ito ring  the cantilever v ib ra tio n  am p litude  and phase as a function  o f drive 
frequency using the experim enta l setup shown in  F igure  5.2. F igure 5.3 displays 
typ ica l experim enta l results for the M F M  probe tips  used in  th is  study. The resonance 
frequency o f / 0 =  86.66 kHz is c learly  identified  in  the data.
The last unknow n variables in  equation (5.14) are the m agnetic m om ent o f 
the partic le  under test, and x.  the distance between the  probe t ip  and the magnetic 
partic le . In  the iro n  po ly im ide  composites considered here the m agnetic partic les are 
iron. The m agnetic m om ent o f a sm all iro n  partic le  can be estim ated as th a t o f a 
u n ifo rm ly  m agnetized sphere. The fields are d ip o la r b o th  a sym p to tica lly  and close to
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the  sphere, w ith  magnetic d ipole  m om ent [48]
(5.15)
Here a is the rad ius o f the sphere and M  is the m agnetiza tion  inside the  sphere. Using
the iron  sa tu ra tion  m agnetization o f M s -= 1.714 em u/cc [50] and a pa rtic le  d iam eter 
o f 100 nm gives
The value o f x  is found from  the lif to f f  used in  the interleaved m agnetic force 
scan. Taking  a li f to f f  o f 200 nm and assuming the the surface o f the iron  partic le  is 
in  the plane o f the sample surface (w ith  the partic le  center 50 nm below the surface), 
gives x  =  250 nm.
S u b s titu tin g  these values in to  ecpiation (5.14) yields
S im ila rly , the  frequency sh ift for a 1 /an  d iam eter partic le  scanned at 300 nm from  
the surface ( j : =  800 nm ) w ould be A /  ~  -6 0 H z .
The calculated frequency sh ift fo r a line scan across a 100 11111 iron  partic le  
w ith  a l i f to f f  o f 200 nm is displayed in  Figures 5.4 and 5.5. The pa rtic le  is assumed
is taken perpendicu lar to  the  sample surface. F igure 5.5 shows the  resu lts when 
the m agnetiza tion  d irection  is para lle l to  the surface and along the scan line. The 
ca lcu la tion  was perform ed w ith  M a them a tica™  using equation (5.11) and U  given 
as in  equation (5.12). The partic le  center is located a t probe pos ition  zero.
(0.5 x 10 5cm )'J rs 9 x 10 ^cm u .
12 x 87 x 10:* x 10“ 12 x 9 x 10“ 1:! 
% ~~ 5 x  10:,(2.5 x 10-"’ )3
^  - 2 0  Hz.
(5.17)
m agnetica lly  saturated, w ith  rn =  In  F igure 5.4 the m agnetiza tion  d irec tion
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F igure 5.4: C alculated M F M  frequency sh ift fo r 100 nm  d iam ete r iron  partic le  w ith  
M  perpendicu lar to  surface.
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Figure 5.5: Calcu la ted M F M  frequency sh ift for 100 nm d iam eter iron  partic le  w ith  
M  paralle l to  surface.
5.4 M agnetization  M easurem ent S ystem
M agnetiza tion  da ta  on the iron  po ly im ide  samples was obta ined using a v i­
b ra ting  sample m agnetom eter. A  cube o f 0.25 x 0.25 x 0.25 cm 3 was cut from  each 
o f the o rig ina l samples using a high speed d iam ond blade saw. M agnetiza tion  mea­
surements were perform ed on these samples using a Lakeshore M odel 7300 V SM  and 
an iron  core magnet w ith  two inch pole faces. The samples were demagnetized be­
fore the applied fie ld was ram ped between ±1 .0  Tesla. A  schem atic d iagram  o f the 
experim enta l setup is depicted in  F igure 5.6.
A  com puter p rogram  was w ritte n  in  the Labv iew ™  com puter p rogram m ing 
language to  autom ate  d a ta  acquisition, storage and re trieva l.
5.5 M agnet or esistance M easurem ent S ystem
M agnetoresistive d a ta  was acquired using a L inear Research M odel LR700 A .C  
Resistance Bridge. Samples o f d im ension 0.6 x  0.6 x 2.0 cm 3 were cut from  the  as
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Figure 5.6: Experim enta l setup fo r m agnetization measurements w ith  v ib ra tin g  sam­
ple magnetometer.
molded m ateria l using a h igh speed d iam ond blade saw. E lectrica l connect ions to 
these samples were made w ith  a conductive silver epoxy in a four lead configuration. 
The resistance measurements were perform ed 011 the demagnetized sample and as 
an external field o f ± 0 .5  Tesla was applied along the long axis o f the samples. A  
s im plified schematic o f the setup is displayed in F igure 5.7.
The Labview ™  com puter p rogram m ing language was again used to  contro l
H  applied
Figure 5.7: S im p lified  experim enta l setup fo r magnetoresistance measurements.
•Hall
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Controller
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the experim enta l flow  and autom ate  da ta  acquis ition, storage and re trieva l.
5.6 E xperim ental S etu p  for T em perature D ep en ­
dence M easurem ents
The tem pera ture  dependence o f the  re s is tiv ity  fo r the com posite samples was 
determ ined using a C T I-C ryogen ics M odel 22 closed cycle he lium  re frigera to r. Tem­
pera tu re  measurements were perform ed using a copper-constant an therm ocouple  a t­
tached to  the sample, and resistance measurements were acquired using a L inear 
Research M odel LR700 A .C  Resistance Bridge. Tem perature and resistance data  
were acquired as the sample cham ber was cooled from  room  tem pera ture  to  a m in ­
im um  o f app rox im a te ly  25 K e lv in , and then again as the sample was warmed back 
to  room  tem pera ture. M in im a l va ria tion  in  the da ta  was observed between the data  
acquired d u rin g  cooling and w arm ing cycles o f the sample.
M agnctoresistance data  was acquired at va ry ing  sample tem pera ture  by incor­
p o ra tin g  the variable tem pera ture  system described above w ith  the magnetoresistance 
measurement system described in  section 5.5. F igure 5.8 d isplays the experim enta l 
setup. The  cryostat neck is m ounted between the pole faces o f the e lectrom agnet. A 
Lake Shore m odel 805 tem pera ture  co n tro lle r was used to  m a in ta in  a constant tem ­
peratu re  a t the sample location . The  co n tro lle r measures the tem pera ture  and rate 
o f change o f the tem pera ture  in  order to  determ ine the in p u t curren t to  a heating 
element w ith in  the cryostat. The  tem pera tu re  set po in t is reached when e qu ilib r ium  
between the cooling power o f the he lium  re frige ra to r and the heat in p u t is achieved 
a t the program m ed tem perature.
A  com parison between Figures 5.7 and 5.8 shows th a t the sample o rien ta tion  
has been changed between the room  tem pera tu re  magnetoresistance measurements
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F igure  5.8: E xperim enta l setup for measurement o f tem pera ture  dependence o f m ag­
netoresistance.
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perform ed in a ir and the variable tem pera ture  measurements taken w ith in  the cryo- 
sta t. In  the form er case, the cu rren t flow and long axis o f the sample were aligned 
w ith  the applied fie ld. In  the la tte r, the cu rren t and long axis o f the sample are 
perpendicu lar to  the applied field. T h is  change in  sample o rien ta tion  was required 
due to  the lim ite d  space w ith in  the  cryostat.
As in the previous sections, com puter con tro l o f the  experim enta l procedure 
was achieved over the  IE E E  bus using the Labview 1M com puter p rogram m ing lan­
guage.
5.7 M aterial P rocessing  through H igh E nergy Ball 
M illing
In  the preceding sections the fabricat ion and tes ting  o f iron  po ly im ide  nanocoin- 
posites has been described. T h is  section describes a process designed to  im prove the 
magnetic fie ld sensing qualities o f the m ateria l. I t  has been shown th a t an im portan t 
param eter in  de te rm in ing  the change in  resistance across a fe rrom agnet-insu la tor- 
ferrom agnet ju n c tio n  is the insu la to r thickness. In  the present s tudy  th is  corresponds 
to  the distance o f closest approach o f neighboring partic les. As shown in Figure 2.5. 
reducing the in te rpa rtic le  separation is predicted to  g rea tly  enhance the conductance 
ra tio . In  a random ly m ixed com posite th is  in te rpa rtic le  separation is re lated to  the 
volum e concentra tion  o f the conductor and the pa rtic le  size. A t  a given volum e frac­
tion , a reduction  in  the partic le  size w il l reduce the average in te rpa rtic le  separation 
and is thus expected to  increase the magnetoresistance o f the m ateria l.
In  an e ffo rt to  increase the magnetoresistance o f iron  po ly im ide  composites 
high energy ba ll m illin g  o f the powdered m a te ria l was employed. H igh energy ba ll 
m illin g  has been shown to  be a v iab le  technique to  reduce the  d iam eter o f fine partic les
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[38,39.51]. As described above, a reduction in  the iron  partic le  size is expected to 
reduce the average in te rpa rtic le  separation and thereby increase the conductance ra tio  
across the ju n c tion .
H igh energy ba ll m illin g  was employed th rough  the use o f a S PEX model 8000- 
D shaker m ill. A pp ro p ria te  masses o f iron  and po ly im ide  powders were combined in 
dua l hardened steel v ia ls  w ith  fou r 6 m m  and tw o 12 m m  d iam eter hardened steel ball 
bearings in each v ia l. The  resu lting  ba ll to  powder weight ra tio  was approxim ate ly  
3:1. The vials were sealed in  an argon filled  glove bag to  m in im ize  ox ida tion  o f the 
iron. The sealed via ls were then removed from the glove bag and loaded in to  the ball 
m ill. B a ll m illin g  was perform ed for 4 and 8 hours on 2 separate powder m ixtures, 
each w ith  an iron  volum e frac tion  o f 0.20. Sm all am ounts o f powder were extracted 
in an argon environm ent from  the 4 hour sample a fte r m illin g  tim es o f 1.2. and 3 
hours. M agnetiza tion  measurements were perform ed on the m illed  powders using 
the v ib ra tin g  sample m agnetom eter system discussed in section 5.4 and p ic tured  in 
F igure 5.6.
Iron  po ly im ide  com posite samples were fabricated th rough  compression m old­
ing. As compared to  the unm illed  powders, a h igher m old ing  pressure was required 
in  order to  reach the fu ll packing density. A ll m illed  samples were molded at 11 MPa 
as compared to  3.5 M P a for the unm illed  materials.
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Chapter 6 
R esults and Discussion
In th is chapter the experim enta l m ethodologies in troduced in  the previous 
chapter are used to  present experim enta l ve rifica tion  o f tunne ling  magnetoresistance 
and variable range hopping conduction  in  iron  po ly im ide  nanocomposites. O ptica l, 
scanning electron, and m agnetic force m icroscopy da ta  are presented w hich indicate 
the presence o f nanoscale tun n e lin g  ju n c tion s  w ith in  composites fabricated w ith  iron 
volum e fractions near the perco la tion  threshold. E lectron ic  transpo rt measurements 
on the these samples show a clear peak in the magnetoresistance near the perco­
la tio n  threshold, in  agreement w ith  the theory o f tunne ling  magnetoresistance. In  
add ition , variable range hopping conduction  is observed in  the tem pera tu re  depen­
dence o f the resistance fo r samples w ith  iron  volum e fractions near the  percola tion 
threshold. E xperim en ta l da ta  is also presented for the tem pera ture  dependence o f 
the magnetoresistance, and the effect o f m a teria l processing th rough  h igh energy ba ll 
m illing .
T h roughou t th is  chapter the  experim enta l results are discussed in  the  context 
o f the theories o f variab le  range hopping and tunne ling  magnetoresistance, developed 
in  chapters 2-4.
70
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Figure 6.1: O p tica l m icrograph o f 20% Fe volum e percent, composite.
6.1 M icroscopy Studies
Figure G.l displays an o p tica l m icrograph taken from  the sample conta in ing  a 
20% iron  volum e concentration. The iron  partic les appear b righ t in  the reflected ligh t 
image. On a large scale, the iron  is seen to  be well d is tr ib u te d  th roughou t the  sample. 
O n a sm aller scale, however, the iron  partic les appear to  coalesce in to  networks of 
connected chains across the  sample. T h is  self arrangem ent o f the iro n  partic les is 
most like ly  due to  an a ttra c tive  m agnetic force between neighboring  ferrom agnetic 
particles. The ferrom agnetic partic les w il l tend to  a lign w ith  the d ip o la r fie ld  in  the 
m ateria l. M ix in g  o f the ferrom agnetic powder w ith  the  po ly im ide  d is trib u te s  the iron 
partic les g loba lly  across the  sample w h ile  the loca l a ttra c tive  force has a tendency to
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Figure 6.2: H igh m agn ifica tion  op tica l m icrograph o f 20% Fe vo lum e percent com­
posite.
a lign neighboring partic les.
F igure 6.2 disp lays a higher m agnifica tion image o f the same sample. The 
average partic le  size is seen to  agree w ith  the nom ina l size o f app rox im a te ly  6-10 /cm. 
The chain like conduction  paths across the sample are c learly  evident in  th is  figure.
The networks o f con tacting  or nearly contacting  iron  partic les observed in  
Figures 6.1 and 6.2 w il l  ca rry  the conduction electrons across the  sample. Sm all 
gaps in  these connected chains are the source o f the tun n e lin g  gaps across w hich 
m agnetoresistive and hopp ing  effects w il l be observed.
F igure  6.3 displays a backscattered e lectron image along w ith  an EDS map 
o f iron  across the scan area. The backscattered e lectron image looks very s im ila r
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Figure 6.3: SEM  and EDS images o f iron  po ly im ide  com posite.
to  the high m agnifica tion  o p tica l m icrograph. For the SEM image an area w ith  a 
large concentration o f strong e lectron backscattcring was chosen so as to  make the 
EDS image easier to  in te rp re t. B y com paring the EDS and backscattered image 
it is clear th a t the b rig h t areas o f the backscattered e lectron image correspond to  
areas o f high iron  concentration. The large b rig h t area in  the image corresponds to  a 
cluster o f iron particles w ith  a cross sectional area o f app rox im a te ly  500 /m i2. Much 
sm aller in d iv id ua l iron  partic les w ith  dimensions on order o f 1 /an  are also identified  
in b o th  the backscattered and EDS images. EDS on the darker, background areas 
o f the backscattered image found the  m a jo r ity  co n trib u tio n  to  be from  carbon, in 
agreement w ith  the physical com position  o f the po ly im ide  [13].
In  order to  isolate nanoscale partic les and tunne ling  gaps between partic les, 
m agnetic force m icroscopy studies were perform ed. F igure 6.4 disp lays topograph ic  
and L iftM o d e ™  m agnetic force images fo r a 34% Fe Vol. com posite sample acquired 
w ith  the scanning probe microscope described in  section 5.3. A n  app lied  m agnetic 
fie ld  o f ~  2 kOe was applied in  the d irec tion  norm a l to  the sample surface d u ring  
data  acquisition. The exte rna l m agnetic fie ld  is used to  ro ta te  and sa tu ra te  the
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Figure 6.4: Scanning probe topograph ic  and m agnetic force images for 34% Fe Vol. 
sample. E xterna l fie ld applied perpend icu la r to  sample surface.
m agnetiza tion  o f the iron  partic les in  the  sample. The scan geom etry for each partic le  
is therefore equivalent to  th a t shown in  F igure 5.4. such th a t a drop in  the frequency 
at the location  o f the center o f the m agnetic partic les is antic ipated.
W ith  reference to  F igure 5.2, the M F M  d a ta  is displayed as a phase sh ift be­
tween the piezo osc illa to r d r iv in g  the  cantilever and the pho tode tecto r o u tp u t mea­
suring its  displacement. The  co rre la tion  between the  measured phase sh ift and the  
theore tica l frequency sh ifts  ca lcu lated in  section 5.3 is th rough  the cantilever reso­
nance curve shown in  F igure 5.3. A  close inspection  o f the data  reveals a phase sh ift 
o f approx im ate ly  0.5 degree/Hz at resonance.
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The M F M  graph in  F igure 6.4 disp lays a phase range o f approx im ate ly  30 de­
grees. corresponding to  a 60 Hz frequency sh ift. The c ircu la r dark regions correspond 
to  the magnetized partic les which, by equation (5.14) w il l produce the observed nega­
tive  frequency shifts. The size o f the in d iv id u a l partic les appears to  be on the o rder o f 
5 /m i, consistent w ith  the o p tica l and scanning e lectron measurements o f the previous 
section.
In the absence o f an applied fie ld  the  m agnetization o f the in d iv id ua l partic les 
may not be given by the sa tu ra tion  value. In  large partic les magnetic dom ains w ill 
form  to  reduce the m agnetostatie  energy, (1 /Szr) f v H '2dv, o f the crysta l [52]. The 
magnetic moment m 2 w ill then be p ro po rtio n a l to  the volum e o f the m agnetic dom ain 
instead o f th a t o f the entire  partic le . I f  the  partic le  size is su ffic ien tly  small, however, 
the increase in  exchange energy between atom s w ith  d ifferent m agnetization d irections 
w il l be greater than the reduction  in  m agnetostatie  energy achieved by fo rm ing  a 
dom ain wall. The result w il l be a single dom ain partic le . In th is  case equation (5.15) 
is correct (assuming spherical partic les). O n ly  the d irec tion  o f the m agnetiza tion  
vector can change. The c r it ic a l size fo r dom ain w a ll fo rm ation  in iron  has been 
estim ated in the lite ra tu re  as »  30 nm [52.53]. As has been observed in  the previous 
microscopy data, a large frac tion  o f the partic les are much larger than th is  c r it ic a l 
size. I t  is antic ipa ted, however, th a t the com posite samples w ill conta in  some partic les 
in  th is  size range and therefore some single dom ain particles.
F igure 6.5 displays o p tica l and M F M  images over the same area in  a 20% Fe. 
Vol. sample. A  m agnetic fie ld o f 2 kOe was applied norm al to  the sample surface 
and then removed before the M F M  da ta  were acquired. The iron  particles are c learly  
evident in  bo th  figures, showing up as b r ig h t areas in  the op tica l m icrograph and 
areas o f negative phase sh ift in  the m agnetic force image. The  magnetic force da ta  
were acquired w ith  a l if t -o f f  o f 150 nm.
As previously m entioned, i t  is an tic ipa ted  th a t in term ixed  w ith  the large, «
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Figure 6.5: O p tica l and m agnetic force images for 20% Fe Vol. sample. M F M  da ta  
acquired in  absence o f exte rna l fie ld.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
5 .0  deg
2 .5  deg
0 .0  deg
D ig i ta l  In s tru m e n ts  HanoScope 
Scan s i z e  34 .44  vm
Scan r a t e  1 .447  Hz
Number o f  sam ples 256
Image D ata Phase
D ata s c a le  5 .0 0 0  deg
Figure G.C: M agnetic force image o f 20% Fe Vol. sample over 352/ / n r  area w ith  150 
nm lift-o ff.
5 //m . particles much sm aller partic les on the order o f 10-100 nanometers exist in  
the iron  po ly im ide  com posite samples. In  section 3.3 it  was found th a t partic les in 
th is  size range w ill con tribu te  to  variable range hopping in  the g ranu la r m ateria ls. 
In  add ition , it  was shown in chapter 2 th a t tunne ling  m agnetoresistance requires 
in te rpa rtic le  distances on th is  same length  scale. The  id e n tifica tio n  o f such partic les 
and in te rpa rtic le  gaps is shown in  Figures 6.G - 6.8. Each successive M F M  image is 
taken at an increased m agn ifica tion  from  the preceding figure, beg inn ing  w ith  the 80 
/im  scan o f F igure  6.5.
The h igh reso lu tion  o f the  m agnetic force m icroscope da ta  in  Figures 6.6 - 6.8 
has imaged several partic les w ith  length  scales on the  order o f 100 nm. In  the upper 
r ig h t hand corner F igure 6.6 an isolated single dom ain  pa rtic le  can be seen. In  F igure 
6.9 th is  p o rtio n  o f the figure is more closely exam ined. The M F M  signature appears to
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Figure 6.7: M agnetic force image o f 20% Fe Vol. sample over 152//m 2 area w ith  100 
nm  lift-o ff.
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Figure 6.8: M agnetic force image o f 20% Fe Vol. sample over 2.5“ //m 2 area w ith  75 
nm  lift-o ff.
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Figure 6.9: M agnetic force image and line scan across single partic le  identified  in 
F igure 5.11.
be tha t o f a single dom ain pa rtic le  w ith  m agnetiza tion  paralle l to  the sample surface, 
as can be seen by com parison w ith  F igure 5.5.
Figure 6.10 displays tw o separate line scans across the m agnetic force da ta  
displayed in Figure 6.8. Several nanophase iron  particles can be identified . L ine 1 
is drawn across a single p a rtic le  w ith  m agnetiza tion  para lle l to  the sample surface. 
L ine 2 is drawn so as to  cross several partic les. A  partic le  w ith  m agnetiza tion  para lle l 
to  the surface can be iden tified  in  the upper rig h t hand corner, at 1 //m  on the 
line. A  partic le  w ith  m agnetiza tion  perpendicu lar to  the surface (as depicted in  
F igure 5.4) follows im m ediate ly, a t approx im a te ly  1.4 fim . C on tinu ing  along line 2. 
a more com plicated m u lti-com ponen t p a tte rn  consistent w ith  th a t o f a m u ltid om a in  
partic le  [54] is observed s ta rtin g  a t abou t 1.8 /tm .
I t  can be assumed th a t e lectron flow  along paths such as h igh ligh ted  in  line 
2 o f F igure 6.10 w il l con tribu te  to  the e lectron ic conduction o f the iron  po ly im ide  
composites fabricated w ith  iron  volum e fractions near the percola tion  threshold. In  
chapters 2-4 i t  was theorized th a t conduction  along such paths w ill resu lt in  tunne ling  
magnetoresistance and variable  range hopp ing phenomena. The experim enta l ve rifi­
ca tion  o f these conduction  mechanisms is presented in  the fo llow ing sections. F irs t,
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Figure 6.10: Iden tifica tion  o f closely spaced nanophase iron  partic les in  iron  po ly im ide 
com posite w ith  20% Fe Vol.
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however, the bu lk  m agnetic properties o f the com posite m ateria ls arc examined.
6.2 M agnetization  D ata
The m agnetization curves fo r iron  po ly im ide  samples w ith  Fe Vol. fractions 
o f 0.15, 0.20. 0.23. 0.34. 0.44. 0.54, and 0.64 are displayed in  F igure 6.11. The 
applied fie ld  axis has been corrected by the dem agnetization fie ld w ith in  the  cubic 
samples, w ith  H rj  estim ated as th a t o f a sphere. H , i  =  ^  A /. The figure also contains 
da ta  acquired on a 0.09999 iron  th in  sheet magnetized along the long axis. The 
dem agnetization fie ld is taken as zero fo r th is  sample. The curves are typ ica l o f a soft 
m agnetic m ateria l, w ith  the sa tu ra tion  m agnetiza tion  increasing w ith  am ount o f iron 
in  the composite. A  com plete hysteresis loop for the 20% Fe vol. sample is displayed 
in  F igure 6.12. A n  insert in the figure displays the low fie ld region o f the curve.
Table 6.1 lis ts the measured sa tu ra tion  m agnetization, remanencc. and cocr- 
c iv ity  o f the samples used in  th is  study. As discussed above, the sa tu ra tion  m agneti­
za tion  increases rough ly  linea rly  w ith  the volum e percentage o f iron  in  the composite. 
The  remanencc o f the com posite samples also displays an increasing trend  w ith  per­
centage iron. The coerc iv ity . however, appears to  be nearly independent o f the iron 
volum e concentration, w ith  on ly  a s ligh t trend  o f decreasing coe rc iv ity  w ith  volume 
concentra tion  observed. A ll o f the com posite samples have a coe rc iv ity  in  the range 
1 6  <  H c <  20. A n  invariance o f co e rc iv ity  w ith  packing frac tion  is predicted  i f  the 
m agnetic hardness is dom inated by c rys ta l anisotropy, as is the case w ith  spherical 
iron  partic les. Shape an isotropy dom ina ted  coerciv ity, on the o ther hand, leads to  
a decreasing coe rc iv ity  w ith  increasing volum e frac tion  [55]. The da ta  presented in  
Table 6.1 suggest th a t the dom inan t fac to r fo r the iron  po ly im ide  composites o f th is  
s tudy is c rys ta l an isotropy and secondarily shape anisotropy. T h is  can be explained 
by the presence o f elongated o r fla ttened  iron  partic les in te rm ixed  w ith  m ostly  spher-
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F igure  6.11: M agnetiza tion  curves for iron  po ly im ide  com posite samples w ith  vary ing  
Fe volume percentage.
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Figure 6.12: Hysteresis loop fo r 20% Fe Vol. com posite sample.
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Table 6.1: M agnetiza tion  da ta  o f iron  po ly im ide  composites w ith  vary ing  Fe volum e 
concentration._______________________________________________________
Fe Vol.% M a (E M U /g m ) M r  (E M U /g m ) H r  (Oe)
15 104 1.15 20
20 115 1.23 18.5
23 127 0.95 15.8
34 150 2.10 18.0
44 166 4.00 17.6
54 175 4.25 16.0
64 180 10.7 16.6
100 217 3.85 3.20
ical ones. Such a m ix tu re  o f iron  partic les is evidenced in the m icroscopy da ta  o f 
section 6.1.
6.3 M agnetoresistance D ata
Table 6.2 lists the room tem pera ture  res is tiv ity  and the magnetoresistance at 
0.5 Tesla. {Ro.r, — /?o)//?o* o f iron  po ly im ide  composite samples m anufactured w ith  
0.15. 0.20. 0.23. 0.28, 0.34. and 0.64 Fe Vol. fraction . The tab le  also contains reference 
data for a pure iron  sample. Considerable sample to  sample va ria tion  in  the res is tiv ity  
is observed for samples w ith  low iron  volum e concentrations. The conduction path 
for these samples is along the m eandering networks o f partic les as depicted in  Figures 
6.1 and 6.2. A  un ifo rm  current flow across the sample does not exist, such th a t 
the placement o f the probe leads can d ra m a tica lly  a lte r the measured resistance. 
The m eandering networks o f partic les also appears to  a llow  the sample to  rem ain 
conducting well below the predicted perco la tion  threshold. As the volum e percentage 
increases beyond the percola tion  thresho ld  the re s is tiv ity  drops d ra m a tica lly  and 
becomes much more stable as continuous d irec t conduction  paths across the sample 
are formed along w ith  an accom panying un ifo rm  curren t flow.
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Table 6.2: Room tem perature  re s is tiv ity  and magnetoresistance at 0.5 Tesla o f iron
po lv im ide  com xjs ite  samples.
Fe Vol.% R esis tiv ity  (O hm -m ) Magnetoresistance (/?o.5 — f?o)/^?o
15 6.1 : 3.7 -0.03 : -0.027
20 10.0 : 16.7 : 2190 -0.041 : -0.034 : -0.031
23 2.04 : 5.1 -0.021 : -0.020
28 2.49 x 10 -a -0.008
34 2.78 x 1 0 -1 -0.0018
64 9.28 x 10“ ' +0.0012
100 9.61 x lO "8 [56] +0.003 [57]
In term s o f the magnetoresistance, a ll samples w ith  Fe Vol. % less than 64% 
show a negative magnetoresistance dissociated w ith  spin dependent tunne ling  th rough 
insu la ting  po ly im ide  barriers. F igure 6.13 displays the magnetoresistance o f the sam­
ples norm alized to  the resistance in  the demagnetized state. A peak in  the negative 
magnetoresistance is recorded for the 20% sample. In  section 4.2 the percolation 
threshold for hexagonal close packing o f iron particles was ca lcu lated as 20.1 % ± 0 .6 %. 
The experim enta l da ta  in  F igure 6.13 and Table 6.2 can then be in te rp re ted  as show­
ing a peak in the magnetoresistance at the percola tion threshold o f the system.
The peak value o f the magnetoresistance in  the iron  po ly im ide  composites. 
4.1%. is consistent w ith  the expected T M R  for a random ly m ixed iron  insu la to r sys­
tem  at the percola tion  threshold. In  section 4.4 the theore tica l T M R  for granular 
iron  insu la to r system at the perco la tion  threshold was ca lcu lated as 6.7%. M any pos­
sible sources can account for a lower experim enta l value than  theo re tica lly  predicted, 
inc lud ing  spin flip  sca tte ring  [9], para lle l conduction paths [58], and band s truc tu re  
effects at the surface o f the ferrom agnetic particles [5]. I t  should be noted th a t a large 
va ria tion  in  the calculated results is possible based upon the choice o f the  effective 
ferrom agnet-barrier spin po lariza tion , as discussed in  section 4.4. In  section 2.4 it  
was shown th a t along w ith  the band s truc tu re  o f the ferrom agnetic m ateria l, bo th
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Figure 6.13: Magnetoresistance curves for iron  po ly im ide  com posite samples.
the barrie r height and thickness s trong ly  effect the effective po lariza tion . The quoted 
results were calculated assuming a value o f P jh =  0.07.
Once the iron  volum e percentage increases above the predicted percola tion 
threshold  o f 20% a p o rtion  o f the conduction  is expected to  occur th rough  connected 
paths w hich do not conta in  tunne ling  gaps. The presence o f these connected paths 
g rea tly  enhances the co n d u c tiv ity  o f the samples and reduces the net T M R  effect. 
These percola ting paths are responsible for the drop in  T M R  beyond 20% as displayed 
in  F igure 6.13 and Table 6.2. As the percentage o f iron  in  the sample continues to  
increase more connected paths appear and a tra ns ition  to  b u lk  ferrom agnetic behav­
io r occurs. In  most bu lk  ferrom agnets an increase in  the resistance is observed as the 
angle between the curren t and the m agnetic sa tu ra tion  d irec tion  o f any dom ain  de­
creases. T h is  anisotrop ic m agnetoresistive (A M R ) is due to  sp in -o rb it coup ling  which 
causes the electron cloud abou t each nucleus to  deform  s lig h tly  as the m agnetic satu­
ra tio n  d irec tion  rotates. The de fo rm ation  o f the e lectron cloud produces an increased
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scatte ring  o f the conduction electrons trave ling  across the la ttice , thereby increasing 
the resistance [57]. A  tra ns ition  between negative tunne ling  magnetoresistance and 
positive  bu lk  anisotrop ic magnetoresistance is observed as the iron  volume percentage 
increases from  34% to 64%.
The experim enta l w ork and in te rp re ta tion  presented above is consistent w ith  
the w ork o f M ilne r and G erber [11, 12] on granular th in  film  iro n -insu la to r sys­
tems. These authors found a peak magnetoresistance o f about 0.6% and 4.5% for 
N ix (Si02)ioo-x and Cox (Si02)ioo-x respectively at i  «  0.46 for the N i and x  ~  0.41 
for the Co systems. In  th is  w ork the samples were prepared by coevaporation o f 
the s ta rting  m ateria ls using two independent electron beam guns. The .samples had 
dimensions o f 8 x 2 m m  w ith  a thickness o f 100 nm. In  ca lcu la ting  the percola tion  
threshold it  is reasonable to  assume a two dim ensional system. In  section 4.1 the 
percola tion threshold for a tr ig o na l la ttice  was calculated as 0.5. in  agreement w ith  
the known exact value. The data  can therefore be in terpreted as showing a peak in  
the magnetoresistance at a volume frac tion  ju s t below the percola tion thresho ld  o f 
the system, a common phenomena in  granu lar T M R  systems.
A  p lo t o f the m agnetiza tion  and magnetoresistance for the 20% Fe sample 
is given in  F igure 6.14. As predicted, the resistance is a m axim um  in  the in it ia l 
demagnetized state. The app lica tion  o f an externa l fie ld causes the e lectron spin 
d irections to  gain coherence as they ro ta te  tow ard the d irec tion  w hich m in im izes the 
Zeeman energy. As described in  chapter 2 and given in  equation (2.14), G  =  G /& /( l +  
Pft, cos 6). The  conductance across a tunne ling  gap is p ro po rtiona l to  the cosine o f 
the angle between the spin vectors o f the  neighboring ferromagnets. Coherence in  
the  electron spins across the sample therefore results in  a reduced resistance as the 
m agnitude o f 9 decreases. The resistance continues to  d rop  w ith  increasing fie ld  
in to  m agnetic sa tu ra tion  where the  m in im um  resistance is observed. Reducing the 
externa l fie ld  streng th  now brings the  sample o u t o f sa tu ra tion , increasing the average
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Figure G. 14: M agnetiza tion  and magnetoresistance for 20% Vol. Fe com posite sample.
angle between the spin d irec tion  on neighboring partic les. The resu lting  increase in 
resistance is apparent in  F igure 6.14. The hysteresis effects are also qu ite  clear, w ith  
the peak resistance o f the  sample occurring  at the positive and negative coercive fields 
as the sample is cycled th rough  the hysteresis loop.
6.4 Variable R ange H opping
Figure 6.15 displays the tem pera tu re  dependence o f the re s is tiv ity  fo r compos­
ite  samples fabricated w ith  0.20, 0.23. 0.28. 0.34, 0.44, and 0.64 Fe vol. fractions. 
The p lo t also shows reference da ta  fo r pure iron  [56]. As noted previously, the room  
tem pera ture  re s is tiv ity  drops d ra m a tica lly  as the iro n  volum e concentra tion  increases 
beyond the perco la tion  threshold. F igure 6.15 shows th a t the tem pera ture  coefficient 
o f the re s is tiv ity  also changes sign as the perco la tion  threshold  is crossed.
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Figure 6.15: R es is tiv ity  versus tem pera ture  for iron  po ly im ide  com posite samples.
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In  the samples w ith  iron  concentrations beneath the percola tion threshold con­
duction  across the sample must occur th rough  insu la ting  tunne ling  gaps. In  section 
3.3 conduction across such a system th rough  variable range hopping was described. 
For small particles the rm a l ac tiva tion  is required to  overcome the charging energy for 
adding an electron to  an isolated m e ta llic  gra in. The existence o f a d is tr ib u tio n  o f 
partic le  sizes th roughou t the m a tr ix  then leads to  an o p tim um  tem pera ture  dependent 
tunne ling  distance and a re s is tiv ity  o f the  form  ln p  oc T - ". w ith  1 /4  <  v <  1/2.
The microscopy studies described in  sections 5.2, 5.3. and 6.1 have confirm ed 
the existence o f a large va ria tion  in  iron  partic le  size down in to  the nanom eter regime. 
The res is tiv ity  da ta  for samples near the percolation threshold is therefore expected 
to  obey the theory sum m arized above and deta iled in  C hapter 3. In  F igure 6.16 the 
experim enta l data  for the 20% sample is f it  to  th is  theore tica l model. The curve fit 
contains a constant te rm  independent o f the tem pera ture  to  account for the nearly 
tem perature independent resistance across large iron  clusters. In  the p lo t every tenth 
experim enta l point is shown along w ith  a solid  line for the curve fit. The experim enta l 
results are seen to  f it  well to  a T -1/2 dependence, in agreement w ith  the theory.
E xperim enta l measurements o f hopping conduction  perform ed by several other 
authors support the results presented here. Sheng et al.. for example, found In a ex 
_ T -1 /2 for N ix (Si02)ioo-z w ith  .08 <  x  <  .44 over a tem pera ture  range 16 <  T (K )  <  
400 [14]. R oth 's work w ith  e lec trica lly  conducting  polym ers found th a t the exponen­
t ia l factor could not be precisely determ ined, w ith  the experim enta l da ta  f it t in g  well 
to  In p oc T " " over the range 1 / 4 < z z < 1 / 2  [15].
The tra ns ition  between phonon assisted hopping conduction and m eta llic  type 
conduction occurs between 28% and 34% iron  volum e percent. A ll the samples w ith  
iron  volume fractions greater than  30% d isp lay a positive coefficient o f re s is tiv ity  w ith  
increasing tem perature. T h is  tem pera tu re  dependence is w ell understood in  term s o f 
e lectron-phonon scattering in  the m eta l [59].
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F igure 6.17: Effect o f sample o rien ta tion  on measured magnetoresistanee.
6.5 T em perature D ep en d en ce o f M agnetoresistanee
The previous section showed th a t the tra nsp o rt properties o f iron  po lv im idc  
composites are h igh ly  tem pera ture  dependent. Samples w ith  iron  volum e fractions 
near the percola tion  thresho ld  d isp lay an increase in  re s is tiv ity  o f 2-3 orders o f mag­
n itude  as the tem pera ture  is lowered from  room  tem pera ture  to  100 K e lv in . In  th is  
section the tem pera ture  dependence o f the magnetoresistanee is analyzed.
As discussed in  the previous chapter, the sample o rie n ta tio n  was changed be­
tween the room  tem pera ture  magnetoresistanee measurements perform ed in  a ir and 
the  variable tem pera ture  measurements taken w ith in  the  cryosta t. A  comparison 
o f the in -a ir measurements w ith  those taken a t room  tem pera ture  w ith in  the cryo­
s ta t, displayed in  F igure 6.17, shows the effect o f sample o rie n ta tio n  on the  measured 
magnetoresistanee. The in -a ir  data , w ith  the  m agne tiza tion  along the  long axis and 
pa ra lle l to  the curren t d irec tion , shows a ra p id  d rop  in  the resistance a t low  fields. As
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the applied fie ld m agnitude increases beyond approx im ate ly  3 kOe a s light increase 
in  the resistance is detected. T h is  increase in  the resistance appears to  be due to  the 
an isotrop ic magnetoresistive (A M R ) effect, [57], described in  section G.3. For paralle l 
a lignm ent o f the curren t and m agnetic fie ld  the effect is observed as a s light increase 
in  the resistance at h igh fields, where the larger G M R  is near sa tu ra tion . The data  
acquired for the sample in  the eryosta t, w ith  the applied fie ld perpendicu lar to  the 
current flow, does not show any increase in  the resistance. W ith  th is  o rienta tion, 
however, the dem agnetization fie ld  is much larger. A  corresponding ly larger applied 
field is therefore required to  achieve the same sample m agnetization as compared to  
the para lle l a lignm ent. The resu lting  d a ta  for the perpendicu lar m agnetization dis­
plays a slower d rop  in  the resistance w ith  applied fie ld b u t a larger G M R  in the high 
fie ld region due to  the absence o f positive  A M R .
Magnetoresistanee da ta  was acquired on the 20% iron  sample at tem pera­
tures o f 295. 175. and 130 K e lv in . The tem pera ture  setpo in t was programed in to  
the tem pera ture  con tro lle r and the  system allowed to  reach e qu ilib r ium  before data 
acqu is ition  was in itia ted . The tem pera tu re  and heating element current were m oni­
tored du ring  each m agnetiza tion  cycle to  ve rify  tha t the applied fie ld d id  not effect 
the tem pera ture  con tro l c ircu itry .
F igure 6.18 displays the  effect o f the sample tem pera ture  on the  magnetore- 
sistance o f the 20% Fe sample. The  change in  resistance is seen to  increase w ith  
decreasing tem pera ture, from  app rox im a te ly  4.4% at 295 K  to  6.6% a t 130 K . Note 
th a t, as shown in  F igure 6.15, Rq fo r the sample increases nearly tw o order o f mag­
n itude  over th is  tem pera ture  range. The experim enta l equipm ent was lim ite d  to  a 
m axim um  resistance measurement o f 2 A / f i ,  w hich precluded the acqu is ition  o f da ta  
at lower tem peratures.
A  decrease in  the magnetoresistanee o f ferrom agnet-insu la tor-fe rrom agnet sys­
tems w ith  increasing tem pera ture  has been observed in  the past [7 ,9 ,10 ,58 ,60 ]. A
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theore tica l basis for the effect described by Shang et, al. a ttr ib u te s  the tem pera­
tu re  dependence to  a tem pera ture  dependence in  the e lectron po la riza tion  given bv 
P  oc (1 — a T i P )  [58]. A t tem peratures well below the C urie  tem perature  the exci­
ta tio n  o f spin waves is known reduce the spontaneous m agnetiza tion  from  its  sa tu ra ­
tio n  value by an am ount p ropo rtiona l to  T 3^2. T h is  tem pera ture  dependence o f the 
m agnetiza tion  is know n as the Bloch T 3?2 law  [61], and is the  basis for the T 3?2 de­
pendence in the Shang po la riza tion  term  [58], Increasing the  tem pera ture  results in  a 
lower m agnetiza tion  (po la riza tion ) which, by equation (2.3). reduces the conductance 
ra tio . A ltho u gh  the c ited works are for th in  f ilm  m u ltila ye r systems, a s im ila r mech­
anism appears to  occur in the granu lar com posite samples o f the present study. T h is  
mechanism is independent o f the tem pera ture  dependence o f the  res is tiv ity , discussed 
in  the previous section.
6.6 M aterial P rocessing  R esu lts
The sa tu ra tion  m agnetization, remanence, and co e rc iv ity  o f 20% iron powders 
ba ll m illed  for 0. 1, 2. 3, 4. and 8 hours are lis ted  in  Table 6.3. The data show a 
strong trend  o f increasing coerc iv ity  w ith  ba ll m illin g  tim e. A  s im ila r increase in 
coe rc iv ity  w ith  m illin g  tim e was observed by G ir i in  iron-po lyethvlene  samples and 
a ttr ib u te d  to  the  creation o f single dom ain  iron  partic les s trong ly  bonded to  the 
polyethylene m a tr ix  [38]. The increasing coe rc iv ity  w ith  m illin g  tim e  in  the present 
s tud y  is believed to  be due to  the same mechanism.
I t  is know n th a t the coerc iv ity  o f fine partic les increases w ith  decreasing size, 
reaching a m axim um  at the c r it ic a l size fo r the fo rm a tion  o f single dom ain partic les
[55]. As discussed in  section 6.1, the  c r it ic a l d iam eter fo r spherica l iron  partic les has 
been estim ated as ~  30 nm [52,53]. H igh energy b a ll m illin g  reduces the average 
pa rtic le  size tow ard  th is  c rit ic a l d iam eter, thereby increasing the coerc iv ity  tow ard
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Table 6.3: M agnetiza tion  d a ta  o f 20% iro n  powders w ith  vary ing  ba ll m illin g  times.
M illin g  T im e (h r) M a (E M U /g m ) M r (E M U /g m ) H c (Oe)
0 115 1.23 18.5
1 125 1.41 21.4
2 128 1.94 23.4
3 116 1.88 27.5
4 113 2.35 32.4
8 112 3.12 44.7
its  m axim um  value. The in tr in s ic  coe rc iv ity  o f spherical single-dom ain iron particles 
w ith  easy axes aligned w ith  the fie ld is 2 I \ / M S =  2(4.8 x 105)/1714 =  560 Oe [52].
M icroscopy studies on the m illed  composites revealed a d ram a tic  change in 
the partic le  d is tr ib u tio n  as compared to  samples fabricated from  unm illed  powders. 
F igure 6.19 compares an unm illed  20% iron  composite and a 20% sample m illed  for 8 
hours. A n  increase in the num ber o f the sm allest particles reduces the average partic le  
size in  the m illed  sample. In  add ition , a s tr ik in g  change occurs in the d is tr ib u tio n  
o f the iron particles th roughout the composites. H igh energy ba ll m illin g  o f the iron 
and po lv im ide  powders destroys the cha in-like  networks o f iron  partic les across the 
sample. T h is  re d is tr ib u tio n  o f the iron  partic les was observed in  a ll samples studied.
In  section 6.3 the chain like conduction  paths o f the unm illed  com posite samples 
were found to  allow  electron flow  at vo lum e concentrations beneath the antic ipa ted 
perco la tion  threshold. The room  tem pera ture  res is tiv ity  was shown to  rem ain nearly 
unchanged for samples between 0.15 and 0.23 iron  volume fractions, w ith  considerable 
sample to  sample va ria tion  fo r the 0.15 and 0.20 samples. In it ia l results suggest tha t 
the re d is tr ib u tio n  o f the iron  partic les w ith  high energy ba ll m illin g  s ign ifican tly  
effects the electron transpo rt across the  samples. The ba ll m illed  samples become 
insu la ting  very near 20% iron  volum e concentration. Indeed, the very h igh resistance 
o f the sample ba ll m illed  fo r 4 hours precluded da ta  acqu is ition  w ith  the LR700 
A C  resistance bridge. The sample m ille d  fo r 8 hours showed a s ign ifican tly  lower
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F igure G.19: O p tica l m icrographs o f m illed  and unm illed  20% Fe com posite samples.
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Figure 6.20: Magnetoresistanee o f m illed  and unm illed  20% Fe composite samples.
resistance, believed to  be due to  a s lig h tly  larger iron  volume concentration caused 
by experim enta l va ria tion  in  the sample p repara tion  procedure. The density  o f the 4 
hour and 8 hour samples was found to  be 2.665 g m /cc  and 2.679 gm /cc, corresponding 
to 19.9% and 20.1% iron volum e percentages respectively.
Magnetoresistanee measurements on the 8 hour sample found a T M R  o f 2.5% 
at 0.5 Tesla. F igure 6.20 disp lays the experim enta l results for the magnetoresistanee 
o f the 8 hour m illed  sample in  com parison w ith  the  unm illed  20% sample. The 
ve rtica l scale for the tw o p lo ts  has been changed to  emphasis the overall shape o f the 
magnetoresistanee curves.
In  F igure 6.21, the low  fie ld  region of the da ta  p lo tted  in  F igure 6.20 is exam­
ined. The higher coerc iv ity  o f the m illed  sample produces a sh ift in  the resistance 
peaks tow ard  higher fie ld levels. As discussed in  section 6.3, the resistance increases
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as the sample is taken out o f sa tu ra tion  u n t il the pos itive /nega tive  coercive field 
is reached. A  decrease in  average pa rtic le  size and an increase in  the pa rtic le  size 
d is tr ib u tio n  results in  broader resistance peaks at h igher fie ld  levels for the m illed  
sample.
The 2.5% T M R  o f the m illed  sample is s ig n ifican tly  lower than  th a t found in 
the 20% unm illed  sample. The re d is tr ib u tio n  o f the iron  partic les, as shown in  F igure 
6.19. is expected to  a lte r the perco la tion  thresho ld  o f the system. The m axim um  T M R  
m ay then occur at a volum e concentra tion  sh ifted  from  the unm illed  studies. I t  is 
an tic ipa ted  th a t a peak in  the T M R  o f the m illed  samples w il l occur a t a s lig h tly  h igher 
volum e concentration, accounting fo r the loss o f the m eandering partic le  networks 
seen in  the unm illed  samples. A  deta iled  experim ent to  more fu lly  investigate the
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magnetoresistanee versus volum e percent fo r m illed  samples is being planned. In  th is  
fu tu re  s tudy the volum e frac tion  o f iron  w il l be contro lled  to  0.1% or b e tte r in  the 
v ic in ity  o f 20%.
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Chapter 7 
Summary and Conclusions
7.1 Sum m ary
Research in the area o f tunne ling  magnetoresistanee has grown ra p id ly  in recent 
years due to  po ten tia l m agnetic sensor and d ig ita l storage applications. It  has been 
shown tha t the tunne ling  curren t across a fcrrom agnct-insu la tor-fe rrom agnet system 
is s trong ly  dependent upon the re la tive  m agnetization d ire c tion  o f the tw o ferromag- 
nets. A n  externa l fie ld causes the m agnetization d irections o f the ferroinagnets to  
a lign and results in  a characteris tic  d rop in  the re s is tiv ity  o f the ju n c tio n .
In  th is  d issertat ion a new m ethod for the fab rica tion  o f T M R  m ateria ls v ia  com­
pression m old ing  o f powdered ferrom agnetic iron  w ith  a h igh  perform ance po ly im ide 
has been in troduced. The procedure can be used to  produce b u lk  T M R  samples at low 
cost from  com m ercia lly available raw  materials. I t  has been shown th a t the percent 
change in  the resistance w ith  app lied magnetic fie ld  depends c r it ic a lly  on the volume 
percentage o f ferrom agnetic m a te ria l in  the composite. A  peak in  the  T M R  occurs at 
a volum e concentration  ju s t beneath the perco la tion  th resho ld  o f the ferrom agnetic 
m ateria l. The highest recorded room  tem perature conductance ra tio  fo r the iron  po ly-
101
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im ide composites is -4.5% a t 20% iron  volum e concentration, increasing to  -6.5% at 
130 K e lv in . T h is  conductance ra tio  is lower than  has been achieved in  th in  film  m u l­
tilayers fabricated th rough cryogenic evaporation techniques [10], b u t is comparable 
to  o ther g ranu lar T M R  systems fabricated th rough  coevaporation o f ferrom agnetic 
and insu la ting  m ateria ls using tw o independent electron beam guns [11,12]. The 
ease o f sample fab rica tion  and lowered p roduction  costs o f the compression molded 
composites described here may make them  advantageous for many applications. In  
add ition , fu tu re  w ork described below has p o te n tia l to  enhance the T M R  o f the com­
pression molded composites, reducing the sens itiv ity  gap versus the more exotic th in  
film  m aterials.
A long w ith  tunne ling  magnetoresistanee. iron po ly im ide  composites near the 
percola tion threshold were found to  exh ib it variable range hopping (V R H ) conduc­
tion . A  tem perature  dependence o f the co nd u c tiv ity  o f the form  1 n a  oc 
was observed for iron po ly im ide  composites w ith  iron volume fractions near the per­
co la tion  threshold. The strong tem pera ture  dependence resulted in an increase in  
the re s is tiv ity  o f several orders o f m agnitude as the tem pera ture  was lowered from  
room  tem pera ture  to  100 K e lv in . T h is  in s ta b ility  o f the resistance w ith  vary ing  tem ­
perature may lim it  the app lica tion  o f the m ateria l for m agnetic storage o r sensor 
applications. A ny  fu tu re  app lica tions o f the m ateria l w il l need to  incorpora te  th is  
strong tem pera ture  dependence o f the re s is tiv ity  in to  the measurement scheme.
A  theore tica l model describ ing the e lectron ic transpo rt in  iron  po ly im ide  com­
posites has been developed in  th is  work. The  m odel p redicts the observed tunne ling  
magnetoresistanee and hopping conduction  in  systems fabricated near the percola­
tio n  threshold  o f the ferrom agnetic m ateria l. A  com puter s im u la tion  inco rpo ra ting  
the theore tica l models has also been developed and used to  successfully p red ict the 
percola tion  threshold  and conductance ra tio  o f the composites.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7.2 Future P ersp ectives
103
F urthe r development in  the research o f compression molded T M R  m ateria ls  
should be concentrated on o p tim iz in g  desirable tra nsp o rt properties based upon the 
theore tica l models presented in  th is  work. In  p a rticu la r, im provem ents in  the conduc­
tance ra tio  o f the T M R  could  be used to  develop the composites in to  useful e lectron ic 
m ateria ls. M a te ria l processing th rough  h igh  energy ba ll m illin g , described in sections 
5.7 and 6.6. is a first, a tte m p t a t im p rov ing  the T M R  based upon model predictions. 
A long  w ith  con tinua tion  o f th is  w ork, the extension o f the  sample fab rica tion  fo r o the r 
ferrom agnetic m ateria ls is p lanned. M echanical a lloy ing  and systems w ith  more than  
one ferrom agnetic m a teria l m ay g rea tly  enhance the T M R  o f the com posite m ateria ls.
F u rthe r development o f the theore tica l models and com puter s im u la tion  are 
also needed to  optim ize  desirable tra nsp o rt properties. A  b e tte r de te rm ina tion  o f the 
band s truc tu re  at the surface o f the ferrom agnetic m a teria l and the ba rrie r height 
o f the po ly im ide  is required in  o rder to  im prove the accuracy o f the models. The 
com puter s im u la tion  can also be g rea tly  enhanced. S im u la tions inco rpo ra ting  the 
combined effect o f contact conduction  and tunne ling  channels in  a fu ll three d im en­
sional la ttice  could enhance the  developm ent o f new e lectron ic m ateria ls based upon 
ferrom agnet-po ly im ide  com posite  systems.
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